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Editorial on the Research Topic
 Biofilm formation and quorum sensing of foodborne microorganism




Biofilms are a self-protection growth pattern of microorganisms and are commonly defined as communities of microbial cells enclosed in hydrated extracellular polymeric substances and adherent to surfaces (Sauer et al., 2007). Biofilm cells are more resistant to cleaning and disinfection processes in the food industry (Yuan et al., 2021). Therefore, biofilms represent an important source of contamination of raw materials and processed products, posing a serious threat to food safety.

Biofilm formation is a complex process influenced by many factors. Quorum sensing (QS) is a cell-to-cell communication process that allows microorganisms to behave coordinately in response to environmental changes by producing, secreting, and detecting signal molecules (Bassler, 1999; Subramani and Jayaprakashvel, 2019). Previous studies have confirmed that QS plays a significant role in biofilm formation (Zhou et al., 2020) and is vital for food spoilage and food-related pathogenesis (Machado et al., 2020). Understanding of mechanisms behind QS and biofilm formation and exploring control strategies are important to enhance food safety.

In this context, this Research Topic aims to collect recent studies on the following themes:(1) The mechanisms underlying biofilm formation of food microbiology; (2) The role of QS in biofilm formation, food spoilage, and food-related pathogenesis; (3) The novel strategies for biofilm control in food microbiology; (4) Identification of QS inhibitors in food microbiology; (5) QS interfering mechanisms in food microbiology. This Research Topic comprises 8 original research articles from Israel, China, Mexico, Ireland, Iran, and Finland, contributed by 58 authors. Most of contributions focused on the mechanisms underlying biofilm formation, one developed a novel natural antimicrobial substance for biofilm control and one overviewed the literature relating to QS from the perspective of the interactions between the food and human gut microbiome.

The mechanisms underlying biofilm formation of a large number of important foodborne pathogens are still largely unknown. Li et al. investigated the mechanism of biofilm formation in emetic Bacillus cereus strains by random mutagenesis and confirmed the dual role of the flagellar hook gene flgE in the biofilm formation and cereulide production in emetic B. cereus. Cheng et al. determined the role of SdiA in biofilm formation and pathogenicity in Cronobacter sakazakii by gene editing technology. They revealed that SdiA enhanced the drug resistance of C. sakazakii and suppressed biofilm formation, as well as motility and adhesion. Moreover, Zhang et al. investigated the regulatory function of RpoS on spoilage activity and adhesion ability in Shewanella baltica and demonstrated that RpoS is a primary regulator involved in flagellar assembly mediated biofilm formation and cold adaptation-related spoilage activity of S. baltica. The results of these studies provide significant insights into the mechanisms underlying biofilm formation and control of bacterial infection.

Biofilm formation is influenced by many factors. Suissa et al. systematically compared five Lactobacillaceae strains for the effects of different carbohydrates on their free-living and biofilm lifestyles and indicated that the formation of biofilms and aggregation capacity were responsive to the carbohydrate provided. Avila-Novoa et al. demonstrated that the proportion of components that make up the extracellular matrix are associated with factors such as culture media (less nutrient-rich laboratory medium and supplements of medium) and genetic characteristics of the Staphylococcus aureus isolates. Moreover, Zarei et al. analyzed interaction between different foodborne pathogens in dual-species biofilms and illustrated that Pseudomonas biofilms may attract and/or shelter other spoilage or pathogenic bacteria, which is of great concern for the dairy industry.

Regarding the role of QS in biofilm formation, Falà et al. summarized and critically discussed the literature, providing a general overview of the current understanding of the prevalence and influence of QS on biofilms, interactions with components of food matrices and host-associated factors in the human gut.

From all the above it seems that novel strategies for biofilm control in food microbiology are urgently needed. To this point, Liu and Wang explored the effects of protocatechuic aldehyde on the biofilm formation and adhesion capabilities of Vibrio parahaemolyticus. The results of this study demonstrated that protocatechuic aldehyde can be used to control V. parahaemolyticus biofilm to ensure food safety.

The above studies have expanded our understanding on this topic; however, relevant studies about (1) the mechanisms underlying biofilm formation of different bacterial species, (2) the role of QS in biofilm formation and (3) novel strategies for QS interfering and biofilm control still needed for a better understanding of bacterial biofilms.
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Cronobacter sakazakii is a common foodborne pathogen, and the mortality rate of its infection is as high as 40–80%. SdiA acts as a quorum sensing regulator in many foodborne pathogens, but its role in C. sakazakii remains unclear. Here, we further determined the effect of the sdiA gene in C. sakazakii pathogenicity. The SdiA gene in C. sakazakii was knocked out by gene editing technology, and the biological characteristics of the ΔsdiA mutant of C. sakazakii were studied, followed by transcriptome analysis to elucidate its effects. The results suggested that SdiA gene enhanced the drug resistance of C. sakazakii but diminished its motility, adhesion and biofilm formation ability and had no effect on its growth. Transcriptome analysis showed that the ΔsdiA upregulated the expression levels of D-galactose operon genes (including dgoR, dgoK, dgoA, dgoD and dgoT) and flagella-related genes (FliA and FliC) in C. sakazakii and downregulated the expression levels of related genes in the type VI secretion system (VasK gene was downregulated by 1.53-fold) and ABC transport system (downregulated by 1.5-fold), indicating that SdiA gene was related to the physiological metabolism of C. sakazakii. The results were useful for clarifying the pathogenic mechanism of C. sakazakii and provide a theoretical basis for controlling bacterial infection.

Keywords: Cronobacter sakazakii, quorum sensing receptor, SdiA, transcriptomics, multidrug resistance, biofilm


INTRODUCTION

Cronobacter sakazakii, a spiral-shaped flagellated Gram-negative rod-shaped bacilli bacterium, is an emerging food-borne opportunistic pathogen that is primarily parasitic in human and animal intestines (Farmer et al., 1980; Guo et al., 2019). Cronobacter sakazakii comes from a wide range of sources, and Powdered Infant Formula (PIF) is considered the primary source of infection and medium for transmission (Chap et al., 2009; Ogrodzki and Forsythe, 2017; Odeyemi and Sani, 2019). In addition, C. sakakazaki was also isolated from cheese, grains, fruits, vegetables, herbs and meats (Jung and Park, 2006; Jaradat et al., 2009). Neonates and young infants are susceptible to the bacterium that could cause severe clinical presentations of septicemia, meningitis and necrotizing enterocolitis and produce possible life-threatening chronic neurologic sequelae (Hariri et al., 2013; Hunter and Bean, 2013). Unfortunately, the death rate is as high as 40–80% (Wang et al., 2019). In 2022, the U. S. FDA reported four infant illnesses from three states, and found the four cases related to PIF produced in Abbott nutrition’s facility in Sturgis, Michigan. Four hospitalizations resulted from PIF produced environmental contamination by C. sakakazaki, and C. sakakazaki may have contributed to an infant death in one case (U.S. FDA, 2022).

Quorum sensing (QS) is a collaborative regulation system of bacterial density dependent on multi-gene expression, an environmental signal sensing system for bacteria to monitor their own population density, an important regulatory mechanism involved in adhesion, biofilm formation, virulence and so on (Williams et al., 2000; Anetzberger et al., 2009; Almeida et al., 2016; Stefany et al., 2017). In most Gram-negative bacteria, two major QS systems are autoinducer-1 (AI-1) and autoinducer-2 (AI-2). The AI-1-type QS system is mainly responsible for communication between Gram-negative bacteria. LuxI and LuxR are two key proteins: LuxI synthase produces N-acyl homoserine lactones (AHLs) as its own inducers, and the LuxR transcription factor is their homologous receptor (Lars et al., 2001; Assia et al., 2017; Vadakkan et al., 2018; Wang et al., 2018; Pacheco et al., 2021). The AI-2-type QS system is present in both Gram-negative and Gram-positive bacteria, and LuxS is a key protein (Ahmer, 2010; Papenfort and Bassler, 2016).

Interestingly, some Gram-negative bacteria encode LuxR receptors but do not produce AHLs because they lack LuxI synthase. For instance, Klebsiella pneumoniae, Salmonella and Enterobacterium do not have the LuxI synthase gene, and they do not produce AHL signaling molecules (Almeida et al., 2016; Pacheco et al., 2021). However, there is a chromosomal LuxR homolog called SdiA of these bacteria; these bacteria can use the SdiA sensor to sense the signaling molecules produced by other bacteria in the environment and then regulate the expression of their own related genes (Sharma and Bearson, 2013).

SdiA was identified as “a quorum-sensing regulator” that regulates the transcription of ftsQAZ operons involved in cell division of klebsiella pneumoniae. It has been noted that in enterohemorrhagic Escherichia coli (EHEC) and Enterobacteriaceae, SdiA is involved in the regulation of many virulence factors, such as pili production, biofilm formation, adhesion and motility of cells (Sharma and Bearson, 2013; Culler et al., 2018; Ma et al., 2020). In addition, Salmonella utilizes SdiA proteins to detect AHLs synthesized by other species and enhances srgE and RCK operon expression (Ahmer, 2010; Almeida et al., 2016). Recent studies have reported that SdiA has an effect on the survival of C. sakazakii under different environmental stresses, with improvement of C. sakazakii tolerance to heat, desiccation, osmotic and acid stress conditions (Cao et al., 2021). Nevertheless, the function of the QS receptor SdiA in C. sakazakii and its underlying mechanisms remain largely unknown. More studies are required to elucidate the exact functions of SdiA on the physiology of these microorganisms since a great level of complexity is observed as revealed by these previous works.

In this study, gene editing technology was used for the construction of an SdiA gene deletion mutant to investigate the role of SdiA in C. sakazakii pathogenicity by assessing the growth, biofilm formation, motility, adhesion and multidrug resistance of the QS receptor SdiA in C. sakazakii. Meanwhile, transcriptome analysis was conducted to elucidate the expression of SdiA-related genes.



MATERIALS AND METHODS


Bacterial Strains and Culture Conditions

Cronobacter sakazakii CICC 21550 was obtained from the China Center of Industrial Culture Collection (CICC). Cronobacter sakazakii CICC 21550 wild-type (WT) and its mutant (ΔsdiA) strains were grown in trypticase soy broth (TSB) or on trypticase soy agar (TSA) at 37°C. Stock cultures of C. sakazakii CICC 21550 (WT) and mutant (ΔsdiA) strains were maintained in brain heart infusion (BHI) broth with 20% glycerol at −80°C. Activation of the strains was achieved by streaking the stock culture onto violet red bile glucose agar (VRBGA) and incubating for 24 h at 37°C. The WT and ΔsdiA strains were stored on VRBGA at 4°C to maintain cell viability.



Equations Sequence Alignment, Construction and Identification of the SdiA Deletion Mutant

The nucleotide sequences of the SdiA gene and its upstream and downstream genes were obtained based on the whole genome sequencing results of C. sakazakii CICC 21550. Primers were designed using Primer 5.0 software (as shown in Table 1). All primers were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). Cronobacter sakazakii CICC 21550 genomic DNA was isolated using an Ezup Column Bacteria Genomic DNA Purification kit (Sangon Biotech Co., Ltd, Shanghai, China) according to the manufacturer’s recommended protocol and stored at −20°C.


TABLE 1. Primers used in this study.

[image: Table 1]

The SdiA in-frame deletion mutant was constructed using the suicide plasmid pCVD442, plasmid pKD3 of the chloramphenicol resistance gene and E. coli strain β2155. These plasmids and E. coli strain β2155 were purchased from BioVector (Biovector NTCC Inc., China). The gene deletion construct was generated according to homologous recombination as previously described (Sharma and Bearson, 2013; Zhang et al., 2018; Cao et al., 2021). Briefly, SdiA gene upstream and downstream homologous recombination arms were amplified by PCR from C. sakazakii CICC 21550 genomic DNA using primers SdiA-5F/SdiA-5R and SdiA-3F/SdiA-3R (Table 1). The Cm resistance cassette from plasmid pKD3 was PCR amplified with primers CmSeqF2 and CmSeqR2 (Table 1).

The fusion PCR approach was used to construct the SdiA gene-targeting vector ΔSdiA:Cm (2650 bp, Figure 1A), and the fusion PCR product was transformed into the suicide plasmid pCVD442. The plasmids were introduced by electroporation into E. coli strain β2155 and plated on TSA containing ampicillin (100 μg/ml) and 0.5 mM 2,6-diaminoheptanedioic acid (DAP) for selection at 37°C. After ligation, the pCVD442-ΔSdiA:Cm plasmid was transformed from β2155 into C. sakazakii CICC 21550 through conjugation (Zhang et al., 2018). Finally, 100 μL was plated on TSA containing chloramphenicol (17 μg/ml) agar plates and cultured in an incubator at 30°C until colonies formed.
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FIGURE 1. Construction and identification of the SdiA deletion mutant of C. sakazakii by gel electrophoresis. (A) Construction of SdiA gene target shooting fragment. M: DL5000 DNA marker; 1: SdiA gene target shooting fragment ΔsdiA:Cm (2650 bp). (B,C) Chloramphenicol resistance gene removal. (B) M: DL10000 DNA Marker; 1: Results of identification of lateral primers for colonies growing on non-resistant a TSA plates. (C) M: DL5000 DNA marker; 1: Identification results of lateral primers for colonies growing on non-resistant a LB plates; 2: Internal primer amplification results of the original strain (193 bp); 3: No template negative control amplification results. (D) Screening of SdiA gene knockout strain. M: DL5000 DNA marker; 1–24: Amplification results of primer pairs on both sides of 24 single colonies (Amplification results on both sides of 5′ endpoints above; Amplification results on both sides of the 3′ endpoint are shown below).


The mutant strain was confirmed by PCR analysis using the Table 1 primer pair. Resistant colonies were streaked onto TSA plates without NaCl but supplemented with 10% sucrose (wt/vol) and chloramphenicol (17 μg/ml) to select for cells in which recombination and loss of the pCVD442 vector occurred. The chloramphenicol resistance gene was removed from the selected mutant using the pCP20 plasmid (Biovector NTCC Inc., China). Transformants were selected at 30°C on TSA plates containing 100 μg/ml ampicillin, and integration was confirmed by PCR with primers SdiA-outF/SdiA-outR (Table 1).



Growth Study

The powdered infant formula (PIF, 0–6 months, Yili Jinlingguanzhenhu) was sterilized by Co60 irradiation (8 kGy, Fujian Compton Irradiation Technology Co., Fuzhou, China) and then sealed and preserved. A single colony of each strain from VRBGA was grown in 10 ml of TSB on a shaker at 130 rpm for 18–20 h at 37°C. Bacterial cells were harvested by centrifugation at 5000 rpm for 15 min at 4°C. Ten milliliters of 0.1% (wt/vol) peptone water (PW)-resuspended bacterial cells were washed off their surface toxins, and the supernatant was discarded. Then, the samples were resuspended in 10 ml of PW, and the bacterial washing step was repeated once (Xie et al., 2020). Subsequently, the solution was resuspended in 5 ml of PW and then diluted with PW to obtain an inoculum containing approximately 104.0–4.5 CFU/ml or 4.0–4.5 log CFU/ml of C. sakazakii. According to the instructions of PIF, sterilized deionized water was used at high temperature and high pressure (121°C, 20 min) to prepare recovered milk powder. Then, 10 mL of milk was added to sterilizated empty test tubes with 0.1 mL aliquots of WT and ΔsdiA mutant cultures.

According to the growth parameters of C. sakazakii (Fang et al., 2012), the growth experiment with WT and ΔsdiA mutant strains was conducted at fluctuating temperatures. The inoculated samples were incubated at fluctuating temperatures of 8.4°C–48°C, 10°C–47.8°C, and 11°C–35°C. Samples were taken at predesignated time intervals and then serially diluted and plated on TSA plates overnight and enumerated.



Scanning Electron Microscopy

Cells were grown and harvested by the above methods, resuspended in 2.5% glutaraldehyde fixative and fixed at 4°C for 10 h. Subsequently, the cells were washed in 0.1 M phosphate buffered saline (PBS) and dehydrated through graded ethanol solutions. Before EM-30AX scanning electron microscopy (SEM, COXEM, Daejeon, South Korea) observation, the samples were freeze-dried for 8 h and coated with gold.



Swimming and Swarming Motility Assays

The effect of WT and ΔsdiA mutant strains on swimming motility was assessed by examining swimming motility on TSA containing 0.3% (wt/vol) agar. Cronobacter sakazakii was cultivated in TSB overnight at 37°C in a shaking incubator at 130 rpm. Bacterial cells were diluted to 106 CFU/ml after stab-inoculation into 0.3% (wt/vol) TSA agar plates and incubated for 6 h–24 h at 30°C. Motility was assessed quantitatively by measuring the circular swimming motion of the growing motile C. sakazakii every 3 h. The effect of WT and ΔsdiA mutant strains on swarming motility was assessed by examining swarming motility on TSA containing 0.5% (wt/vol) agar. The same dilution (as mentioned above) was used to inoculate 0.5% (wt/vol) TSA agar plates and incubated for 6 h–36 h at 30°C. Motility was assessed quantitatively by measuring the circular swarming motion of the growing motile C. sakazakii every 6 h. The motility assays were repeated in three separate experiments.



Crystal Violet Staining Biofilm Assay

The biofilm forming capacities of the WT and ΔsdiA mutant strains were assessed by a crystal violet staining assay (Liu et al., 2018) with slight modifications. Bacterial cells were cultivated in TSB overnight at 37°C until an optical density at 595 nm (OD595) of 0.5 or 109 CFU/ml was reached. Thirty microliters of bacterial overnight culture was inoculated into 150 μL of TSB liquid broth in sterile 96-well plates and incubated for 24 h at 37°C. Then, 200 μL of 99% methanol (vol/vol) was added to each well for 15 min to fix the biofilms. After washing three times with 200 μL of 0.1 M PBS and dried in a hot air oven at 55°C for 1 h. The plates were stained with 200 μL of 1% crystal violet for 30 min, washed with 0.1 M PBS two times and then air dried at 37°C. Finally, the remaining crystal violet was resuspended in 200 μL of 95% ethanol and measured at 570 nm (OD570) using a microplate reader (SpectraMax®i3x, Molecular Devices, United States). In addition, 200 μL of TSB was used as a blank control, and each sample was set up with six replicates. The biofilm assay was repeated in four separate experiments.



Cell Adhesion Assay

The cell adhesion capacities were measured according to the method of Fabíola (Cacciatore et al., 2020) with slight modifications. The bacterial cells were diluted with PW to 108 CFU/mL. The 2 cm × 2 cm samples (made of glass, plastic, silicone hydrogel and stainless steel) were soaked in 10 ml of bacterial solution, incubated for 15 min at 30°C, and then washed three times with 10 ml of 0.01 M PBS to remove unbound cells. Then, 10 ml of 0.01 M sterile PBS was added for full oscillation to release the adhered cells into the PBS. The adhesion value was determined by counting viable cells on TSA plates. The cell adhesion assay was repeated in three separate experiments.



Tolerance and Resistance Assays

The susceptibility of the WT and ΔsdiA mutant strains to different antibiotics was evaluated by the disc diffusion method. The bacterial cells were diluted with PW to 108CFU/mL, and 0.1 mL of bacterial culture was plated onto a TSA plate. The antibiotic resistance was checked against 6 different antibiotics (200 μg/mL and 500 μg/mL): kanamycin, chloramphenicol, rifampicin, erythromycin, tetracycline hydrochloride and penicillin (Macklin Inc., Shanghai, China). Sterilized deionized water was used as a blank control. The sterilized circular filter paper (Φ = 8 mm) was soaked in antibiotic solutions and deionized water for 10 min. Then, the filter papers were removed with sterile tweezers, affixed to a dried TSA plate and incubated for 24 h at 37°C, and the diameter of the antibacterial coil was measured. The tolerance and resistance assay was repeated in three separate experiments. Results are presented as the mean ± SD.



RNA-Seq Analysis

Cronobacter sakazakii WT (W1) and ΔsdiA mutant strains (S1) were selected for RNA-Seq analysis. Total RNA was extracted by a UNIQ-10 column TRIzol total RNA extraction kit (Sangon Biotech Co., Ltd, China) using cultures (130 rpm at 37°C) from the logarithmic growth stage. A Ribo-off rRNA Depletion Kit (Bacteria) (Vazyme Biotech Co., Ltd, Nanjing, China) was used to remove rRNA from total RNA samples. The cDNA libraries of RNA samples were constructed using the VAHTS™ Stranded mRNA-seq V2 Library Prep Kit for Illumina® (Vazyme Biotech Co., Ltd, Nanjing, China). The amplified cDNA library was visualized by 8% polyacrylamide gel electrophoresis (PAGE) (Shanghai Furi Technology Co., Ltd, China).

High-throughput sequencing was performed using the Illumina HISeq™ 2500 Platform.

Illumina HISeq™ raw image data files were analyzed by CASAVA Base calling and transformed into sequenced reads. The resulting sequences were then referred to as Raw Data or Raw Reads, and the results were stored in FASTQ file format. Trimmomatic software was used for data processing, the original data quality value and other information were counted, and FastQC software was used for visual evaluation of the sequencing data quality of the samples. Reference to the whole genome sequencing information of the C. sakazakii CICC21550 strain for gene alignment analysis, gene expression level analysis and differentially expression analysis. ClusterProfiler software was used for functional enrichment analysis and the main biological functions of differential expressed genes were obtained by comparing the GO (Gene Ontology) database. The related biological system information was obtained by comparative analysis with the KEGG (Kyoto Encyclopedia of Genes and Genomes) database. All experiments were performed in triplicate.



Statistical Analysis

All experimental results are presented as the mean ± standard deviation, and statistical analysis was performed with SPSS 18.0. The significance of the WT and ΔsdiA mutant strains was established through a t-test using P values < 0.05.




RESULTS


Construction of a Cronobacter sakazakii CICC 21550 Mutant Strain

In this study, we constructed a C. sakazakii CICC 21550 strain in which the SdiA gene was deleted by gene replacement. Twenty-four single colonies were randomly selected from TSA containing chloramphenicol (17 μg/ml) agar plates for PCR analysis to screen the SdiA gene knockout strain. At the 5′ endpoint of the target fragment, a 1368 bp fragment was generated by pairing SdiA-outF and CmSeqF2 primers. At the 3′ endpoint, CmSeqR2 and SdiA-outR primer pairs produced a 1391 bp fragment. When both fragments were present, the chloramphenicol resistance gene fragment replaced the SdiA gene fragment. The results indicated that both sides of clones 9 and 14 were amplified with strong specific PCR products in accordance with the expected length (Figure 1D). After the chloramphenicol resistance gene was deleted, the length of the amplified product of the lateral primer was shortened to 1802 bp (Figures 1B,C). This assay confirmed that we successfully constructed the SdiA deletion strain of C. sakazakii CICC 21550.



Growth of Cronobacter sakazakii Wild-Type and ΔsdiA Mutant Strains in Powdered Infant Formula

The growth model of the WT strain and ΔsdiA mutant strains at fluctuating temperatures was constructed using a one-step data analysis method (Jia et al., 2020). Figure 2D shows the growth rate distribution of the ΔsdiA mutant and WT strains at 4–50°C, and their growth parameters were very similar. There were no significant differences, in that the absence of the SdiA gene had no effect on the growth of C. sakakazakii. Therefore, we combined the data of the WT and ΔsdiA mutant strains to analyze their growth (a total of 260 data points) in the recovered PIF at fluctuating temperatures of 8.4–48°C based on the no lag-Cardinal model and Baranyi-Cardinal models of the one-step data analysis method (Fang and Huang, 2014; Huang, 2017). The statistical results and estimated values of each parameter are shown in Tables 2, 3. The observed values and model prediction curves of the WT and ΔsdiA mutant strains at each temperature are shown in Figures 2A–C. Figure 2E shows the effect of temperature on the growth rate of the WT and ΔsdiA mutant strains. The results showed that no lag-Cardinal model and Baranyi-Cardinal model had the same fitting effect on the growth of the C. sakazakii WT and ΔsdiA mutant strains.


[image: image]

FIGURE 2. One-step analysis for C. sakazakii wild-type and ΔsdiA mutant strains. (A–C) One-step fitting analysis of the growth curve of C. sakazakii WT and ΔsdiA mutant strains in powdered infant formula recovery. (D) Growth rate distribution of ΔsdiA mutant and WT strains. (E) One-step analysis: Effect of temperature on growth rate of WT and ΔsdiA mutant strains.



TABLE 2. One-step analysis results of WT and ΔsdiA mutant strains.
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TABLE 3. Parameter estimation of No lag–Cardinal and Baranyi–Cardinal models of wild-type and ΔsdiA mutant strains.

[image: Table 3]

Hence, we further calculated the influence of SdiA gene deletion on the growth parameters of C. sakazakii and the growth changes of C. sakazakii in PIF. A mathematical model for the growth of C. sakazakii WT and ΔsdiA mutant strains in the recovered PIF was established by a one-step method. In this study, C. sakazakii WT and ΔsdiA mutant strain parameters were combined to be estimated by the no lag-Cardinal model and Baranyi-Cardinal model; the minimum growth temperatures estimated by the two models were 4.74°C and 4.70°C, respectively, and the highest growth temperatures were 49.87°C and 49.77°C, respectively. The optimum growth temperatures were 40.87°C and 40.73°C, respectively, and the optimum growth rates were 1.48 h–1 and 1.62 h–1, respectively. In addition, the maximum growth concentrations estimated by the no lag-Cardinal model and Baranyi-Cardinal model were 19.67 Ln CFU/ml (8.54 log CFU/ml) and 19.60 Ln CFU/ml (8.51 log CFU/ml), respectively.



Lack of SdiA Increases the Swarming and Swimming Motility of Cronobacter sakazakii

According to Figure 3A, after deletion of the SdiA gene in C. sakazakii, the swimming motility of the mutant strain (ΔsdiA) was markedly enhanced (p < 0.01). Nonetheless, the WT strain barely spread after 21 h of culture on TSA plates with 0.3% agar. The ΔsdiA mutant strain showed a trend of spreading after 6 h of culture. After incubation for 21 h, the ΔsdiA mutant strain spread to the entire plate, and the swimming motility of the ΔsdiA mutant strain showed a linear increase (Figure 3C). Furthermore, the ΔsdiA mutant strain showed significantly higher swarming motility than the WT strain and rapidly spread after 18 h of culture (p < 0.05), showing an exponential growth trend. Although the WT strain indicated a tiny trend of outward diffusion, their movement was still not visible after 36 h of culture (Figures 3A,D). In the transcriptomics study of C. sakazakii WT and ΔsdiA mutant strains, we found that the expression levels of FliA and FliC-related genes regulating the flagellate of C. sakazakii were significantly increased (Supplementary Tables 1, 3, 4), which resulted in enhanced flagellate activity and significantly enhanced swarming and swimming motility of C. sakazakii.
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FIGURE 3. C. sakazakii WT and ΔsdiA mutant strains cell viability and morphology differences. (A) WT and ΔsdiA mutant strains motility assay. (B) WT and ΔsdiA mutant strains scanning electron microscopy (SEM) images. (C,D) WT and ΔsdiA mutant strains motility assay curve.




Lack of SdiA Increases the Biofilm Formation and Surface Adhesion Capabilities of Cronobacter sakazakii

To evaluate whether SdiA was also involved in the biofilm formation of C. sakazakii, we compared the biofilm formation ability of WT and ΔsdiA mutant strains. Compared with the WT strain of C. sakazakii, the amount of biofilm formation of the SdiA gene deletion strain increased by 77.34%, and the ΔsdiA mutant strain showed more biofilm formation (p < 0.01) (Figure 4A).
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FIGURE 4. C. sakazakii WT and ΔsdiA mutant strains biofilm formation and surface adhesion capabilities assay. (A) Optical density values of CV solutions obtained from biofilms of C. sakazakii WT and ΔsdiA mutant strains grown in the TSB at 37°C. a– dMean values differ significantly in different time of each strain (p < 0.05), A– Dmeans (p < 0.01); ** Mean values differ significantly between two strains in the same time (p < 0.01). (B) Number of adhered C. sakazakii WT and ΔsdiA mutant strains to different substratum. aMean values differ significantly in different substratum of each strain (p < 0.05), A– C means (p < 0.01); *Mean values differ significantly between two strains in the same substratum (p < 0.05), **means (p < 0.01). Error bars represent standard deviation. All experimental data’s were plotted as mean ± standard from triplicate determinations and statistical analysis was performed with SPSS 18.0 Significance of WT and ΔsdiA mutant strains were established through t-test using P values < 0.05.


We found that the SdiA gene regulates the adhesion of C. sakazakii to stainless steel, glass and plastics. The adhesion of the WT strain to glass, plastic, silicone hydrogel and stainless steel surfaces was 4.71, 4.35, 4.49 and 4.83 log CFU/cm2, respectively, at 30°C for 15 min. The adhesion of the ΔsdiA mutant strain to glass, plastic, silicone hydrogel and stainless steel was 6.04, 5.68, 4.95 and 6.31 log CFU/cm2, respectively (Figure 4B). The SdiA deletion resulted in increased adhesion of C. sakazakii on glass, plastic and stainless steel (p < 0.01), but there was no significant difference in adhesion between the WT and ΔsdiA mutant strains on the silica hydrogel surface. The adhesion of C. sakazakii was affected by the dielectric surface, and the adhesion of WT on the plastic surface was lower than that of the other three dielectric materials. However, the adhesion of the ΔsdiA mutant strain on the silica hydrogel surface was lower than that of the other three media materials. Through our transcriptomic studies, we also found that the expression of the ATP-active membrane-associated protein VasK in the VI secretion system, which is important to the regulation of C. sakazakii adhesion, was downregulated by 1.53-fold in SdiA mutant strains (Supplementary Tables 2–4). PIF packaging, brewing and drinking bottles were mainly made of stainless steel, glass, plastic and silicone hydrogel materials, and C. sakazakii was the main food-borne pathogen in PIF. By studying the adhesion of the SdiA mutant and WT strains to these materials, we can make it clear that the key to controlling the contamination of C. sakazakii during the processing and brewing of PIF was the targeted regulation of the SdiA gene.



Lack of SdiA Decreases the Multidrug Resistance of Cronobacter sakazakii

As shown in Figure 5, when the SdiA gene was deleted, antibiotic resistance of C. sakazakii showed a general decrease. With the increase in antibiotic concentration, the antibacterial zone of antibiotics showing antibacterial effect was larger, among which kanamycin showed the most obvious antibacterial effect and showed relatively good antibacterial effect on WT and ΔsdiA mutant strains. Second, penicillin has a certain bacteriostatic effect, but compared with kanamycin, it does not show a strong bacteriostatic effect. Chloramphenicol, rifampicin and tetracycline hydrochloride exhibited approximately the same antibacterial effect, with a slight antibacterial effect. Among the 6 antibiotics, erythromycin showed poor antibacterial activity against C. sakazakii, and neither WT nor ΔsdiA mutant strains showed an antibacterial zone, showing no visible antibacterial effect. By studying the changes in the transcript level of the C. sakazakii SdiA mutant and the wild-type strains, we found that the expression level of related genes in the ABC transport system regulating drug resistance of C. sakazakii was downregulated by 1.5-fold (Supplementary Tables 2–4) (Wichelecki et al., 2015; Christoph and Robert, 2018), which revealed the mechanism by which the SdiA gene enhances drug resistance in C. sakazakii.
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FIGURE 5. Cronobacter sakazakii WT and ΔsdiA mutant strains antibiotic resistance assay. Error bars represent standard deviation. All experimental data’s were plotted as mean ± standard from triplicate determinations and statistical analysis was performed with SPSS 18.0 Significance of WT and ΔsdiA mutant strains were established through t-test using P values < 0.05.




Lack of SdiA Alters the Expression of Genes Involved in Motility, the Virulence Factor and Antimicrobial Resistance of Cronobacter sakazakii

By sequencing us through the transcriptome compared with the WT strain, the ΔsdiA mutant strain in normal culture showed significant differences in the expression of 244 genes, including 50 genes upregulated and 194 genes downregulated (Figure 6). The ΔsdiA mutant strain showed significant expression differences in small molecule catabolic (14 genes), polysaccharide metabolic (15 genes), polysaccharide biosynthetic (15 genes), lipid metabolic (19 genes), cellular carbohydrate metabolic (23 genes) and carbohydrate metabolic (32 genes), as well as response to virus and phage shock protein (3 genes), as shown in Figures 7A,C (p < 0.01). As shown in Figures 7B,D, the ΔsdiA mutant showed significant differences in lipid and sugar metabolic pathways, including sphingolipid metabolism (2 genes), fructose and mannose metabolism (5 genes), amino sugar and nucleotide sugar metabolism (5 genes) (p < 0.01), drug metabolism - cytochrome P450 (2 genes), ether lipid metabolism (1 gene), retinol metabolism (2 genes) (p < 0.05) (Supplementary Tables 3, 4). These results indicate that the QS transcription regulator SdiA plays an important role in the cellular activities of C. sakazakii, and the mechanism of SdiA in each metabolic pathway of C. sakazakii needs to be revealed in the future.
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FIGURE 6. Expression difference analysis for transcriptional profiles [C. sakazakiiΔsdiA mutant (S1) compared to WT (W1) strains]. (A) Comparison group expression difference scatter plot. MeanTPM: Expression amount of a group. The horizontal and vertical axes are, respectively, the log2 (TPM) values of two groups of samples. Each point in the figure represents a gene, and the closer the point expression is to the origin the lower. The vertical sample is relative to the horizontal sample. (B) Comparison group expression difference volcano diagram. The horizontal axis represents the fold-change [log2 (B/A)] value of gene expression difference between different groups of samples. The vertical axis represents gene expression pValue, the smaller the pValue, the greater the −log10 (pValue), and the more significant the difference. (C) MA diagram of expression difference between groups was compared. The horizontal axis is the mean value of log2 (TPM) of the two groups of samples {[log2 (A) + log2 (B)]/2}. The vertical axis is log2 (Fold Change) [that is, log2 (B/A)] values.
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FIGURE 7. Differential genes classification and enrichment analysis in C. sakazakii ΔsdiA mutant compared to WT strains. (A) Differential genes GO functional classification. (B) Differential genes KEGG pathway classification. For A and B, the horizontal axis is a functional classification, and the vertical axis is the number of genes in the classification (right) and their percentage in the total number of genes annotated (left). Different colors represent different categories. Light colors represent different genes and dark colors represent all genes. (C) GO function enrichment analysis of C. sakazakiiΔsdiA mutant compared to WT strains. (D) KEGG pathway enrichment of C. sakazakiiΔsdiA mutant compared to WT strains. For C, the vertical axis represents the annotation of the function; for D, the vertical axis represents the annotation of the metabolic pathway. Rich factor represents the ratio of the number of GO enriched or KEGG enriched in the pathway to the number of annotated genes. The larger the Rich factor, the greater the degree of enrichment. The size of the q value is shown by the color of the dot as shown. The number of differential genes contained under each function or metabolic pathway is shown by the size of dots. The closer q value is to 0, the more significant the enrichment (Only the top 30 GO and KEGG with the highest enrichment degree were selected to draw).


Compared to the WT strain, the expression of D-galactose operon-related genes in the ΔsdiA deletion strain was markedly upregulated, including the dgoR, dgoK, dgoA, dgoD and dgoT genes. In addition, the expression levels of the flagellate-related genes FliA and FliC were significantly increased, and the activity of flagella was enhanced. Consequently, the ΔsdiA mutant strain showed significantly enhanced motor activity. Among the upregulated genes, the 6-phospho-glucosidase gene glvA was the most significantly upregulated by 5.24-fold (Supplementary Tables 1, 3, 4). 6-phosphoglucosidase has oxidoreductase activity, acting on CH-OH donors, NAD or NADP as receptors, and can bind to metal ions to express corresponding functions (Chen et al., 2018).

The differential gene expression of the SdiA gene deletion strain was markedly downregulated, which involved the VI secretion system and ABC transport system (Papenfort and Bassler, 2016). The type VI secretion system is a multifunctional protein secretion system that can directly deliver toxins to eukaryotic cells and other bacteria, and its function is related to virulence host immune resistance and bacterial interactions (Wang et al., 2018). In the downregulated gene expression, the key function of the VI secretory system was the ATP-active membrane-associated protein VasK, whose gene expression was downregulated by 1.53-fold. The type VI secretion system plays an important role in the cell adhesion, virulence, invasion and proliferation of C. sakazakii; this system also produces protein toxin, which is a potential toxic factor (Chen et al., 2018). Moreover, the expression level of related genes in the ABC transport system was downregulated by 1.5-fold, which may affect the pathogenesis and virulence of C. sakazakii and reduce its ability to infect host cells and bacteria in drug resistance (Supplementary Tables 2–4) (Wichelecki et al., 2015; Christoph and Robert, 2018).




DISCUSSION

Homologous recombination is a conventional method for constructing gene deletion strains. Based on the principle of DNA homologous recombination, gene knockout technology can be roughly classified as homologous recombination, site-specific recombination and transposable recombination (Zhang et al., 2018). QS is a process of communication between microbial cells, which is closely related to the secretion, colonization, invasion and infection of virulence factors of pathogenic bacteria and the formation of biofilms (Papenfort and Bassler, 2016; Stefany et al., 2017). Nonetheless, the regulatory mechanism of QS on C. sakazakii remains largely unknown (Cao et al., 2021). To determine the role of QS in C. sakazakii-induced foodborne diseases, it is necessary to construct mutant strains of QS regulatory factors. Cao et al. successfully constructed SdiA frame deletion mutants using the suicide T vector pLP12 plasmid and Escherichia coli strain β2163 by sequence alignment based on the homologous recombination principle. Additionally, the QS receptor (SdiA) of C. sakazakii was screened out and the survival impact of SdiA on C. sakazakii under different environmental stresses was verified (Sabag et al., 2015; Cao et al., 2021). In this research, a mutant strain of the C. sakazakii SdiA gene was successfully established by homologous recombination and electrical transformation. Moreover, the mechanism of SdiA action on the growth, drug resistance, motility, biofilm formation and adhesion of C. sakazakii was verified, which laid a foundation for SdiA targeted inhibition of the pathogenicity of C. sakazakii in PIF food.

Prediction of microbiology is a research field that applies mathematical models to predict the growth, inactivation and survival of microorganisms in food (Huang and Hwang, 2017). The two-step method is a classical method to predict microbial modeling, but due to the two-step process, large errors will accumulate in the calculation (Baranyi and Roberts, 1995). A one-step method is to construct the primary model and the secondary model simultaneously according to the observed values. Due to the one-step computation, the accumulated error is small, the fitting is excellent, and the growth parameters of microorganisms can be obtained more precisely (Huang, 2017). In recent years, the one-step predictive microbial model has been reported in the relevant literature, and a good fitting effect has been obtained. For example, the one-step kinetic analysis method was used to simultaneously analyze the growth curve of Clostridium botulinum in cooked beef (Huang, 2017) and the growth of Salmonella in liquid eggs (Huang, 2015). Fang et al. studied the growth kinetics of thermally damaged C. sakazakii in restored infant formula (RPIF) and established a mathematical model to forecast its growth (Fang et al., 2012). In RPIF, a logistic model was used to calculate the minimum and maximum growth temperatures of untreated cells as 6.5°C and 51.4°C, respectively. The Huang model was used to calculate the minimum and maximum growth temperatures of C. sakazakii with heat treatment as 6.9°C and 50.1°C, respectively. Although relevant literature has demonstrated the growth model of C. sakazakii in recovery PIF, the verification of the model by fluctuating temperature is deficient (Wei et al., 2017). The actual growth of microbes in food is based on practically a dynamic model. Therefore, we studied the actual growth of C. sakazakii WT and ΔsdiA mutant strains in PIF based on one-step dynamic analysis. Pacheco et al. also found that no significant changes were observed in the growth curves of Klebsiella pneumoniae SdiA mutant and wild-type strains. However, cell division was impaired, and cell morphology was abnormal (Pacheco et al., 2021). This is similar to the results found in this study (Figure 3B).

The increased motility of the SdiA mutant strain may be due to the influence of the SdiA gene on the expression of flagellate-related gene in C. sakazakii, which enhanced the motility of the mutant strain. Culler et al. studied the atypical enteropathogenic Escherichia coli SdiA gene and discovered that SdiA gene deletion demonstrated stronger motility (Culler et al., 2018). Kanamaru et al. showed that the flagellate-related gene FliC of Escherichia coli O157:H7 was negatively regulated by the SdiA gene (Kanamaru et al., 2010), which was similar to the conclusion reached in this study. In addition, the cell morphology of the WT and ΔsdiA mutant strains was observed by scanning electron microscopy (Figure 3B). When the SdiA gene of C. sakazakii was removed, the overall morphology of the cells was not altered much. However, the ΔsdiA mutant strain was more elongated than the WT strain. This may help to enhance the swarming and swimming motility of C. sakazakii. In addition to quorum sensing, which can regulate cell movement, virulence factor production and biofilm formation, some similar substances also play such roles. Papenfort and Bassler showed that cyclic dimeric guanosine monophosphate (c-di-GMP) and cyclic adenosine monophosphate (cAMP), as intracellular second-messenger signaling molecules, regulate bacterial virulence and biofilms (Papenfort and Bassler, 2016).

Culler et al. (2018) studied biofilm formation of atypical enteropathogenic Escherichia coli wild-type, SdiA mutant and complementary strains. The results showed that the SdiA mutant was able to form thicker biofilm structures and exhibit stronger motility. In addition, the transcription of CsgA, CsgD and FliC was increased in the mutant strain, and the addition of AHLs reduced biofilm formation and the transcription of CsgD, CsgA and FimA in the wild-type strain. Sabag et al. (2015) showed that AHL response genes and SdiA-dependent genes were identified in the Enterobacter cloacae mouse strain, and the presence of the SdiA gene inhibited the formation of biofilms. The conclusions from these studies are similar to those from this experiment, indicating that the SdiA gene may reduce the amount of bacterial biofilm formation. In this study, the expression levels of the FliA and FliC genes regulating the flagella of the C. sakazakii SdiA deletion strain increased at the transcriptional level, and the flagella activity was enhanced, which strengthened the adhesion process of the SdiA deletion strain in biofilm formation and was conducive to the formation of microcolonies. In a plant-related Escherichia coli, the SdiA mutant terminated the csgBAC operon, resulting in excessive pili production and increased adherence and biofilm formation of the SdiA mutant strain (Tavío et al., 2010). Sharma and Bearson studied the effect of the QS transcriptional regulator SdiA on the retention of Escherichia coli O157:H7 in weaned calves and found that SdiA could sense AHLs in the rumen of cattle and enhance the acid resistance of Escherichia coli O157:H7 to allow Escherichia coli O157:H7 to persist and colonize the bovine intestine for a period of time (Sharma and Bearson, 2013).

Stefany et al. (2017) showed that bacteria sense environmental changes by secreting their own inducers or receiving external environmental signals through the QS system to cope with the influence of bacterial population density, external pH and antibiotics, such as the antibiotic stress response. Tavío et al. (2010) studied the role of SdiA in multidrugresistant strains of E. coli and found that the expression of the SdiA gene promoted the expression of the multidrug resistance-related gene acrAB, leading to the strengthening of drug resistance in E. coli. In addition, amplification of SdiA can enhance resistance to mitomycin C by increasing the ability of chromosome replication and repair.

Carneiro et al. (2020) examined the expression of SdiA and genes associated with the nucleotide salvage pathway in Salmonella by qRT-PCR and found that SdiA affects glucose consumption, metabolism and gene expression in Salmonella and is closely related to metabolic pathways associated with glycine, purine, amino acid and aminoacyl tRNA biosynthesis. It plays a role in metabolic optimization under a high population density of Salmonella. Cao et al. (2022) found that SdiA may inhibit the formation of C. sakazakii biofilms by regulating biosynthesis of flagella and extracellular polymers. Pacheco et al. (2021) that Klebsiella pneumoniae SdiA binds to the promoter regions imA, LuxS, LSR-LSRA and ftsQAZ, and this binding is independent of AHLs. In addition, a lack of SdiA can increase the formation of Klebsiella pneumoniae biofilms and agglutination of yeast cells and lead to downregulation of type 3 and upregulation of type 1 pili expression. More importantly, SdiA inhibits bacterial adhesion and biofilm aggregation (Papenfort and Bassler, 2016; Stefany et al., 2017; Pacheco et al., 2021).



SUMMARY

In summary, we constructed a mutant strain with the SdiA gene deletion of C. sakazakii CICC21550 using the principle of homologous recombination. The function of the QS-related gene SdiA in C. sakazakii was analyzed to obtain the relationship between the SdiA gene and pathogenicity. The results demonstrated that SdiA enhanced the drug resistance of C. sakazakii but diminished its motility, adhesion and biofilm formation ability and had no effect on its growth. It can regulate the expression of D-galactose operon genes and flagellum-related gene upregulation and VI secretory system and ABC transport system-related gene expression downregulation. These results are helpful to further explore the function of the SdiA gene, revealing the pathogenic mechanism of C. sakazakii. Our data provide a new target for therapeutic interventions targeting the pathogenicity of C. sakazakii and developing quorum-sensing inhibitors.
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Bacillus cereus, an important foodborne pathogen, poses a risk to food safety and quality. Robust biofilm formation ability is one of the key properties that is responsible for the food contamination and food poisoning caused by B. cereus, especially the emetic strains. To investigate the mechanism of biofilm formation in emetic B. cereus strains, we screened for the mutants that fail to form biofilms by using random mutagenesis toward B. cereus 892-1, an emetic strain with strong biofilm formation ability. When knocking out flgE, a flagellar hook encoding gene, the mutant showed disappearance of flagellar structure and swimming ability. Further analysis revealed that both pellicle and ring presented defects in the null mutant compared with the wild-type and complementary strains. Compared with the flagellar paralytic strains Δ motA and Δ motB, the inhibition of biofilm formation by Δ flgE is not only caused by the inhibition of motility. Interestingly, Δ flgE also decreased the synthesis of cereulide. To our knowledge, this is the first report showing that a flagellar component can both affect the biofilm formation and cereulide production in emetic B. cereus, which can be used as the target to control the biohazard of emetic B. cereus.
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INTRODUCTION

Bacillus cereus, a Gram-positive, spore-forming, and facultative anaerobe with flagella, is an important pathogen associated with foodborne outbreaks worldwide and causing clinical manifestations like gastroenteritis, emesis, fulminant bacteremia, bone infection, and brain abscess (Majed et al., 2016; Enosi Tuipulotu et al., 2021). Two types of food poisoning can be caused by B. cereus, including diarrhea and vomiting (Zhou et al., 2019), with the latter one triggered by cereulide, which is preformed in food (Naranjo et al., 2011). Although symptoms caused by cereulide are usually self-limiting (Rouzeau-Szynalski et al., 2020), fatal cases have been reported (Mahler et al., 1997; Dierick et al., 2005; Shiota et al., 2010; Naranjo et al., 2011).

Cereulide is synthesized by enzymes encoded by the ces gene cluster located on a 270-kb mega-plasmid, named pCER270, which displayed a high similarity in sequence with the plasmid pXO1 in Bacillus anthracis (Rasko et al., 2007). After ingestion, cereulide is absorbed in the intestine and distributed throughout the body, which can be detected in the stomach, spleen, liver, kidney, muscles, and fat tissues, or even crossed the blood-brain barrier (Bauer et al., 2018). Chronic cereulide exposure induced endoplasmic reticulum stress response, intestinal inflammation, dysregulation of intestinal flora, and inhibition of serotonin biosynthesis (Lin et al., 2021). Notably, cereulide is stable to trypsin, acid, and heat (121°C for 2 h) (Dommel et al., 2010; Jovanovic et al., 2021), so conventional food processing conditions are unable to inactivate it. Emetic strains that produce cereulide are ubiquitous in different kinds of food, of which dairy products account for a relatively high proportion (Shaheen et al., 2006; Messelhäusser et al., 2010; Owusu-Kwarteng et al., 2017; Gao et al., 2018), e.g., emetic strains are found in 21% raw milk samples, in which 1,140 ng/mL cereulide can be detected (Rajkovic et al., 2006; Owusu-Kwarteng et al., 2017). It was reported cereulide caused food poisoning to an adult and rapid death of a healthy 1-year-old boy (Shiota et al., 2010) at a very low concentration (4 ng/mL in the serum). Since food poisoning outbreaks caused by emetic B. cereus resulted in severe cases, the presence of emetic B. cereus in the food and food processing chain is of great concern to food safety. Therefore, it is very important to eliminate emetic B. cereus in food.

Biofilm is a sessile community of microbes that adhere to the surface of abiotic or living tissue and are coated with the extracellular polymer matrix (EPS) produced by the microbes to adapt to the living environment (Costerton et al., 1999). Because of the shelter of EPS, bacteria can survive under stress conditions, including disinfectants and antimicrobials (biocides) in the biofilm lifestyle than in the planktonic form (Alvarez-Ordóñez et al., 2019). Biofilm is also the reservoir of spores, which are more resistant to heat, acid, and low water activity, and the biofilm lifestyle provides a higher proportion of spores than in planktonic culture (Ribeiro et al., 2019; Rouzeau-Szynalski et al., 2020). Since the clean-in-place (CIP) system commonly used in the food processing chain cannot eliminate spores (Thomas and Sathian, 2014), Bacillus becomes the dominant taxa in the milk processing chain (Kable et al., 2019). Once the biofilm is formed, it is inevitable to cause contamination in the processing environments and final products (Ostrov et al., 2016; Silva et al., 2018).

Bacillus subtilis is a model organism for studying regulatory networks directing biofilm formation among Gram-positive and spore-forming bacteria. Genes and regulatory pathways controlling biofilm formation have been well studied in B. subtilis (Vlamakis et al., 2013; Mielich-Süss and Lopez, 2015). In contrast to B. subtilis, few genes were involved in biofilm formation have been characterized in B. cereus and the regulatory mechanisms that control biofilm formation are poorly understood. Bacillus cereus produces different forms of biofilms including submerged biofilm, pellicle, and ring, that differ in their architecture and may be regulated by different genetic determinants (Wijman et al., 2007; Caro-Astorga et al., 2014; Gao et al., 2015). Previous studies showed that Spo0A and CodY act as key regulators in biofilm formation in B. cereus (Lindbäck et al., 2012; Gao et al., 2015). Besides, motility and flagella may involve in biofilm formation in B. cereus (Houry et al., 2010). Although a variety of genes were found by a genome-wide investigation with random mutagenesis and RNA sequencing, current knowledge about B. cereus biofilm formation, especially in the emetic strains, is still largely unknown (Yan et al., 2017).

In this study, we constructed a transposon mutagenesis library of an emetic B. cereus strain 892-1 with strong biofilm-forming ability, which was isolated from pasteurized milk (Gao et al., 2018). By high-throughput screening of biofilm-defective mutants, we successfully identified a mutant named 3-86, which showed a significant defect in biofilm formation. Further analysis found that the insertion site of the transposon is a flagellar hook encoding gene flgE, which not only has a positive regulation function in biofilm formation but also affects cereulide production. To our knowledge, this is the first time to illustrate the function of a flagellar hook encoding gene flgE on both biofilm formation and cereulide production in emetic B. cereus. Therefore, this study may provide a new strategy for the control of food contamination and poisoning incidents caused by emetic B. cereus.



MATERIALS AND METHODS


Bacterial Strains and Culture Condition

Bacillus cereus 892-1 and its derivatives were cultured in tryptic soy broth (TSB; Guangdong Huankai Co., Ltd., Guangzhou, China) at 37°C, 200 rpm, or on nutrient agar plates (Guangdong Huankai Co., Ltd.) at 37°C. Escherichia coli strains were grown at 37°C in luria-bertani broth (LB; Guangdong Huankai Co., Ltd.). When needed, antibiotics were added at the following concentrations: 5 μg/mL of erythromycin, 17 μg/mL chloramphenicol for the growth of B. cereus, and 100 μg/mL of ampicillin for the growth of E. coli. A list of strains and plasmids used in this work is provided in Supplementary Table 1. Oligonucleotides are listed in Supplementary Table 2.



Construction of Transposon Mutagenesis Library

The construction and screening steps of a transposon mutagenesis library were depicted in Figure 1. The plasmid pMarA (Gao et al., 2019) carrying a mariner-based transposon TnYLB-1 was used as the backbone. To replace the selectable marker kanamycin resistance cassette, the chloromycin resistance cassette was amplified from pBAD33 (Guzman et al., 1995). The newly generated plasmid, named pMarA-cat, was transformed into the strain 892-1 by electroporation, followed by the selection for both ErmR (erythromycin-resistant) and ChloR (chloramphenicol-resistant) colonies at 28°C. Positive transformants were inoculated at 37°C, 200 rpm overnight to induce transposon-mediated mutagenesis. Fifty microliters of diluted cultures (1:100,000, v:v) were then spread onto LB agar plates containing chloramphenicol and incubated at 48°C for 10 h to induce plasmid suicide. The biofilm phenotypes of each mutant was screened by a microplate reader (Gen5™, BioTek, Winooski, VT, United States). Then, potential mutants with altered phenotypes were verified by antibiotic selection, which are resistant to chloramphenicol (ChloR) and sensitive to erythromycin (ErmS). To select mutants containing a transposon insertion, a quick DNA extraction method was used. Briefly, a single colony was suspended into 30 μL ddH2O in a 1.5 mL tube and then ultrasonically treated at 40 kHz at 25°C for 5 min. Then, the mixture was centrifuged at 10,000 g, 25°C for 1 min. Afterward, the upper aqueous phase was carefully transferred to a new 1.5 mL tube without disturbing the pellet. The DNA samples was tested by the polymerase chain reaction (PCR). To confirm the transposon insertion site, restriction endonuclease Taq I (ER0671, Thermo Fisher Scientific Inc., Waltham, MA, United States) was used to cut the genomic DNA. The genome fragments were self-ligated by T4 DNA ligase at 25°C for 10 min (EL0014, Thermo Fisher Scientific, Waltham, MA, United States), and reverse PCR was performed using primer OIPCR-1/2 to amplify the sequence inserted by TnYLB-1 transposon. After sequencing, the insertion sites were identified by local blast (ncbi-blast-2.12.0+ -win64).
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FIGURE 1. Flow chart of construction of random mutagenesis library to screen the potential mutants with defects in biofilm formation. Erm, erythromycin; Chlo, chloromycin; R, resistant; S, sensitive; ITR1/ITR2, transposon.




Construction of Deletion Mutant and Complementary Strain

Different strains was constructed as described previously (Qi et al., 2011). Plasmid pHT304-TS (Zhu et al., 2011) was used to construct mutants by homologous recombination. Recombinant plasmids were generated by in-fusion cloning (Ma et al., 2019). Briefly, the vector was linearized by restriction endonuclease EcoR I and Sal I (1611 and 1636, Takara, Shiga, Japan) digestion. The upstream and downstream fragments were amplified by using genome DNA as the template. 5′ end of the forward and reverse primers of inserts were amplified by PCR with 15-20 bp homolog fragments of linearized vector. Then, the mixture of inserts, linearized vector, and 2 × Hieff Clone® Enzyme Premix (10912 and 10911, Yeasen, Shanghai, China) was incubated at 50°C for 1 h by using a thermo-cycler (C1000 Touch, Bio-Rad, Hercules, CA, United States). The mixture was then transformed into E. coli DH5α by thermal shock directly.

For the construction of mutants, including ΔflgE, ΔmotA, and ΔmotB, recombinant plasmids were transformed into B. cereus 892-1 by electroporation as mentioned above. One milliliter SOC media was immediately added to suspend the bacteria and the mixture was then incubated at 30°C, 200 rpm for 3 h. After incubation, the bacteria were collected by centrifugation at 25°C 5,000 g for 2 min and then spread on an LB agar plate with erythromycin. Plates were incubated overnight in an incubator at 30°C and potential transformants were confirmed by PCR. For gene knockout, positive transformants were transferred to media with erythromycin and incubated at 42°C, 200 rpm for 6–12 h, and this process was repeated 6 times. Then, strains were incubated at 30°C, 200 rpm for 6–12 h for 9–12 times and spread on LB agar plates without antibiotics. Colonies were then transferred on LB agar plates with antibiotics, and the ones that could not grow on the plates were detected by PCR and sent for sequencing. For the construction of complementary strains, plasmid pHT304 (Arantes and Lereclus, 1991) was used. The gene was cloned into plasmid pHT304 by in-fusion cloning as described above. Recombinant plasmids and electroporation were followed as described above and positive transformants were used for the following experiments.



Growth Curve of Different Strains

To evaluate the effect of gene deletion and complementation on bacterial growth, overnight cultures were diluted 1,000-fold (v:v) into fresh TSB broth, and then 200 μL of bacterial suspension was added to the wells of a 96-well plate. In total, three biological repeats with six technical repeats each were performed. Bacterial growth was monitored by measuring the optical density at OD600 of each well at 37°C every 30 min for 12 h by using a microplate spectrophotometer (EPOCH2, Biotek, Vermont, United States) and the data were analyzed by GraphPad Prism (v8.0.2) to generate XY plots.



Biofilm Formation Assay

For pellicle formation analysis, B. cereus strains were grown overnight at 37°C, 200 rpm. Five microliters of overnight culture were inoculated into 5 mL TSB medium in a test tube, which was then statically incubated at 37°C for 12 h. The formation of the pellicle was recorded by a Nikon D750 camera. Evaluation of the ring part was performed as previously described with minor modifications (Stepanović et al., 2000). Briefly, Bacteria (3.3 × 105 cfu/mL) were inoculated into 200 μL fresh TSB medium in 96-well polystyrene plates (Costar, Washington, DC, United States), and incubated at 37°C for 12 h statically. Then, planktonic cells were poured out, and plates were washed three times with ddH2O. The remaining attached biofilms were dried and fixed with 210 μL of 95% methanol per well for 15 min. After drying, 210 μL of crystal violet (0.1%; w/v) was added to each well and incubated for 15 min to stain biofilms attached to the well surface. After briefly washing three times and drying, the crystal violet was dissolved in 220 μL of 30% acetic acid, and staining levels were assessed by measuring absorbance at 590 nm (A590).



Scanning Electron Microscopy

Overnight cultures were diluted to an OD600 of 0.001 in TSB broth and biofilms were grown on 8 mm × 8 mm glass coverslips (WHB-48-CS, WHB, Shanghai, China) in 12-well plates (Costar, Washington, DC, United States) for 12 h at 37°C. Biofilms formed on the surface of the cell slide were fixed with 3% (w/v) glutaraldehyde overnight at 4°C. Samples were then dehydrated with a graded ethanol series, dried, sputter-coated with gold, and imaged by a scanning electron microscope (Hitachi S-3000N, Tokyo, Japan) operating at 20 kV and 83 μA.



Confocal Laser Scanning Microscopy Analysis

The biofilm structure was visualized by confocal laser scanning microscopy (CLSM) as described previously (Zhao et al., 2022) with minor modifications. Overnight cultures were diluted 1,000 (v:v) times in 50 mL fresh TSB broth and biofilms were grown in a beaker (100 mL volume), which were then observed using a confocal laser scanning microscope (ZEISS LSM700, Oberkochen, Germany). Biofilms without planktonic cells were stained using SYTO® 9 (Thermo Fisher Scientific Inc., Waltham, MA, United States) at 25°C in the dark for 2 min. Biofilms were then visualized using a CLSM by a 20× objective lens with excitation at 488 nm and emission at 500–550 nm. The images were processed by using the Zeiss ZEN (v3.5).



Transmission Electron Microscopy

Different samples were examined by transmission electron microscopy (TEM; Tecnai G2 F20 S-TWIN, Thermo Fisher Scientific Inc., Waltham, MA, United States) for the appearance of flagella. Overnight cultures were diluted 1,000 (v:v) times with fresh TSB broth and statically cultured at 37°C for 7 h. The bacterial suspension was spotted onto a copper grid and air-dried. Then, the samples were stained using 3% phosphotungstic acid for 2 min and observed using the TEM.



Bacterial Motility Assay

The swimming assay was performed according to a previous study (Singh et al., 2016) with some modifications. Swimming plates contained 1% tryptone, 0.5% NaCl, and 0.25% agar. For conducting the swimming assays, 1 μL overnight cultures were spotted on the agar plate and incubated at 37°C statically for 12 h. After that, the plate was imaged by using a camera (Nikon D750, Japan).



Bioinformatic Analysis

Query amino acid sequences of MotA (Houry et al., 2010) (B. cereus ATCC14579) and MotB (Cairns et al., 2013) (B. subtilis NCIB3610) by BLASTP (ncbi-blast-2.12.0+ -win64). Alignment of amino acid sequences (Supplementary Figure 1) was performed by CLUSTALW1 and ESPript 3.02 (Robert and Gouet, 2014).



Total RNA Isolation, cDNA Synthesis and Reverse Transcription-qPCR Analysis

RNA isolation and purification were performed using the RNeasy Mini Kit (74104, Qiagen, Hilden, Germany) according to the manufacturer’s instructions. RNA concentration and purification were measured with a NanoDrop One Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States). For RT-qPCR (reverse transcription-qPCR), purified RNA was used to synthesize cDNA according to the instructions of the PrimeScript™ RT reagent Kit with gDNA Eraser (RR047A, Takara, Shiga, Japan). Primers listed in Supplementary Table 2 were designed by SnapGene® 2.3.2. udp (encoding a UDP-N-acetylglucosamine 2-epimerase) was used as a reference gene (Reiter et al., 2011). TB Green® Premix Ex Taq™ II (Tli RNaseH Plus) (RR820A, Takara, Shiga, Japan) was used for all qPCR reactions. qPCR reactions were performed on a Roche LightCycler® 96 in eight tubes (PCR-0108-LP-RT-C, Axygen, Glendale, AZ, United States) using three-step PCR amplification reaction as follows: 30 s preincubation at 95°C by 1 cycle followed by 45 cycles of denaturation at 95°C for 5 s, annealing at 58°C for 30 s and elongation at 72°C for 30 s, for melting at 95°C for 10 s, 65°C for 60 s, 97°C for 1 s by 1 cycle. The specificity of the reactions was affirmed by melting peaks analysis of the amplified products. Relative expression of flgE was calculated by the 2–ΔΔCT (Livak) method (Livak and Schmittgen, 2001) using the difference in Cq (quantification cycle) values of the sample and a calibrator for the target gene and udp. Triplicates RT-qPCR reactions were performed for each sample with negative control for three biological repetitions.



Quantification of Cereulide via Liquid Chromatography Tandem Mass Spectrometry

Cereulide was extracted as described previously with some modifications (Tian et al., 2019). In brief, overnight cultures of B. cereus 892-1 were inoculated into 50 mL of LB medium (1:1,000; v:v) and cells were grown at 30°C, 200 rpm for 24 h. Bacteria were collected by centrifugation at 4°C, 8,000 g for 5 min, and resuspended in 5 mL methanol (HPLC grade, Guangdong Huankai Co., Ltd., Guangzhou, China). The suspension was cultivated in a shaker at 28°C, 200 rpm overnight. Then, the supernatant was filtered through a 0.22 μm filter, filled with methanol into equal volume, and diluted into a suitable concentration for LC-MS analysis. A Q Exactive Plus Orbitrap LC-MS/MS System (Thermo Fisher Scientific., Waltham, CA, United States) was equipped with an H-ESI (electrospray ionization) II probe source and positive mode was chosen to determine cereulide concentration according to a previous method (In’t Veld et al., 2019). Mass spectrometric characterization of cereulide was performed using a C18 column (ACQUITY UPLC® Peptide BEH, 300A, 1.7 μm, 2.1 mm × 100 mm, 1/pkg). Mass spectrometric detection the ammonium adducts of cereulide at m/z 1,170.7 ([M + NH4]+) and potassium adducts of valinomycin at m/z 1,128.6 ([M + K]+) (Supplementary Figure 4; Seyi-Amole et al., 2020). Methanol and ultrapure water containing 10 mM ammonium formate, both of which contained 0.1% formic acid, were used as eluents A and B. The gradient elution conditions were exhibited in Supplementary Table 3. An injection volume of 5 μL and a flow rate of 10 μL/min were used. MS runtime was 13 min and the retention time (RT) for cereulide and valinomycin was 5.00 and 5.10, respectively. The spray voltage was 3.50 kV. The flow rate for sheath gas was 45 and 10 for aux gas. The temperature for capillary and aux gas heater was 300 and 350°C, respectively. The concentration of cereulide in analytes is calculated by calibration curve, which was obtained by plotting the area ratios of cereulide to valinomycin (internal standard) for different dilutions. Linear regression was applied to give the equation y = 0.00783839x + 0.0686906 with R2 = 0.9952; y is the area ratios of cereulide to valinomycin; x is the concentration of cereulide; R2 determined the coefficient of the linear regression. The data was acquired and processed by Thermo Xcalibur (v3.5).




RESULTS


Identification of Biofilm-Defected Mutants of Emetic Bacillus cereus 892-1

In total, 500 chloromycetin-resistant and erythromycin-sensitive mutants were identified, which were then screened for the identification of potential mutants with defects in biofilm formation. Among them, one mutant, designated 3-86, presented an obvious biofilm formation defect (Figure 2A). After reverse PCR, sequencing, and local blast, the transposon was proved to insert into the gene flgE (Figure 2B).


[image: image]

FIGURE 2. Screening of mutants with biofilm formation defects. (A) microplate reader images of wild-type strain (a), only TSB medium (b), and the mutant 3-86 (c). Scale bar = 2 millimeters. (B) Diagram showing the transposon insertion site of the defective mutant. Potential promoter of flgE is indicated by the red frame. The position of the TnYLB-1 transposon in flgE on the chromosome of B. cereus 892-1 is indicated by the triangle.




flgE Positively Regulates Biofilm Formation in Emetic Bacillus cereus 892-1

To further illustrate the role of flgE in biofilm formation, we compared the pellicle formation of wild-type strain with ΔflgE and complementary strain. Wild-type cells can form a pellicle in the air-liquid interface, while ΔflgE strain cannot (Figure 3A). As expected, the complementary strain restored a comparable level in its ability to form a pellicle. Furthermore, the amount of the ring was significantly reduced in ΔflgE; however, the ring of the complementary strain (ΔflgE:pHT304-flgE) was largely restored, although it did not reach the wild-type level (Figure 3B). Through observation by an SEM, the wild-type and complementary strains showed a dense biofilm community (Figure 3C). In contrast, only sparse cells of the mutant strain remained on the grid. Besides, biofilms were imaged by CLSM. The results are the same as SEM. The wild-type and complementary strains had dense biofilm structure, while ΔflgE only had scattered bacteria (Figure 3D).
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FIGURE 3. flgE is essential for biofilm formation in emetic B. cereus 892-1. (A) Pellicle formation by wild-type strain (a), ΔflgE (b), and ΔflgE:pHT304-flgE (c). (B) Ring formation by wild-type strain 892-1, ΔflgE, and ΔflgE:pHT304-flgE. P values were calculated using the Student’s t-test. Error bars represent the standard deviation of the mean. (C) SEM images of biofilms formed by (a) wild-type, (b) ΔflgE, and (c) ΔflgE:pHT304-flgE. The scale bars represent three microns. (D) CLSM images of biofilms formed by wild-type (a), ΔflgE (b), and ΔflgE:pHT304-flgE (c). The scale bars represent 30 microns.




flgE Is Necessary for Flagella Synthesis and Swimming Ability

To exclude the possibility that the biofilm formation defect is due to the differential growth rate, we monitored the growth of different bacteria for 12 h and found that the growth rate of ΔflgE had no obvious difference compared with wild-type and ΔflgE:pHT304-flgE at the early stage and was a little bit faster than other strains at the stationary stage (Figure 4A). To verify the role of flgE in flagella synthesis or assembly in B. cereus 892-1, the cells of wild-type, ΔflgE, and ΔflgE:pHT304-flgE were inspected by a TEM. No flagella could be found in ΔflgE. In contrast, either the wild-type or ΔflgE:pHT304-flgE had obvious flagella (Figure 4B), and there was no difference in quantity between the wild-type and ΔflgE:pHT304-flgE (Figure 4C). Due to the loss of flagella, ΔflgE could not swim as no outward movement can be observed (Figure 4D).
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FIGURE 4. flgE is important for flagella synthesis and function. (A) Growth curves of wild-type, ΔflgE, and ΔflgE:pHT304-flgE. (B) TEM images of flagella produced in the wild-type (a), ΔflgE (b), and ΔflgE:pHT304-flgE (c). Scale bars represent one micron. (C) The number of flagella in wild-type strain, ΔflgE, and ΔflgE:pHT304-flgE. The number of flagella was calculated by 10 bacteria. (D) Swimming motility of wild-type (a), ΔflgE (b), and ΔflgE:pHT304-flgE (c). Scale bars represent zero point five centimeter.




Swimming Ability Is Not Necessary for Biofilm Formation in Emetic Bacillus cereus 892-1

To test the swimming ability or flagella itself is important for biofilm formation in emetic B. cereus, two flagellar paralytic strains were constructed and the biofilm formation ability was measured. As expected, ΔmotA and ΔmotB lost swimming ability in motility assay (Figure 5A). Surprisingly, pellicle could also be formed in ΔmotA instead of in ΔmotB (Supplementary Figure 2). The amount of ring in ΔmotA was also significantly higher than that in ΔflgE or ΔmotB, but lower than that in the wild-type strain (Figure 5B), demonstrating that swimming ability contributes to biofilm formation but is not necessary for biofilm formation. ΔmotB completely lost the ability to form a biofilm, and has no significant difference in biofilm formation compared with ΔflgE, indicating that flagellar structure itself does not play a scaffold-role in emetic B. cereus 892-1.
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FIGURE 5. Swimming ability is not necessary for biofilm formation. (A) Swimming motility of wild-type (a), ΔmotB (b), and ΔmotA (c). Scale bars represent one centimeter. (B) Ring formation by wild-type strain, ΔflgE, ΔmotA, and ΔmotB. P values were calculated using the Student’s t-test, and used to determine statistical significance between each mutant and the wild-type strain. Error bars represent the standard deviation of the mean.




Loss of flgE Significantly Decreased Cereulide Production in Bacillus cereus 892-1

Since 892-1 is an emetic strain, we also evaluated cereulide production in different strains by LC-MS/MS. The concentration range of cereulide was 19.327–22.757, 8.1586–10.312, and 32.417 to 35.294 μg/mL in WT 892-1, ΔflgE and ΔflgE:pHT304-flgE, respectively (Figure 6A; Supplementary Table 4). In conclusion, cereulide production was significantly decreased in ΔflgE, with a reduction of approximately 60% compared with the wild-type strain. In addition, ΔflgE:pHT304-flgE produced more cereulide; therefore, the transcriptional levels of flgE were monitored in the bacterial logarithmic phase. The relative expression level of flgE was obviously increased in ΔflgE:pHT304-flgE compared with wild-type (Figure 6B).
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FIGURE 6. Deletion of flgE significantly decreased cereulide production. (A) Cereulide production by wild-type strain, ΔflgE and ΔflgE:pHT304-flgE. (B) Relative mRNA levels of flgE in wild-type strain, ΔflgE, and ΔflgE:pHT304-flgE. P values were calculated using the Student’s t-test. Error bars represent the standard deviation of the mean.





DISCUSSION

Bacillus cereus can contaminate different type of foods (Messelhäusser et al., 2010; Kim et al., 2016; Esteban-Cuesta et al., 2018; Fasolato et al., 2018; Park et al., 2018; Yu et al., 2019, 2020). Notably, a relatively high prevalence of emetic strains exists in dairy products, including cow milk, and pasteurized and ultrahigh-temperature treated milk products (Wijnands et al., 2006; Messelhäusser et al., 2014; Chaves et al., 2017; Owusu-Kwarteng et al., 2017; Gao et al., 2018; Walser et al., 2021). Emetic strains can produce highly heat resistant and acid-stable cereulide which brings a great threat to human health (Rouzeau-Szynalski et al., 2020). It is worth noting that B. cereus contamination occurred in dairy production was largely due to the biofilm formation (Teh et al., 2012; Yobouet et al., 2014; Reda, 2019; Wang et al., 2019), indicating a possible transmission of emetic B. cereus from food processing environment to human infection (Kuroki et al., 2009). Besides, cereulide showed a heightened affinity to lipid components of milk samples (Walser et al., 2021). Therefore, it is important to analyze the mechanism of emetic B. cereus biofilm formation which can be used to inhibit the formation of emetic B. cereus biofilms in the food industry, especially in dairy production.

In this study, we showed that flgE identified by the transposon mutagenesis is essential for the biofilm formation of emetic B. cereus 892-1. In the stationary phase, the growth rate of flgE knockout strain was higher than that of the wild-type strain and complementary strain. It was speculated that flagella synthesis needed energy, so bacterial growth was promoted in ΔflgE which cannot form flagella (Hölscher et al., 2015). Bacterial flagella are closely related to biofilm formation (Guttenplan and Kearns, 2013). In E. coli, half of the mutants with defects in biofilm formation are defective in flagellar function (Pratt and Kolter, 1998). Plenty of studies demonstrated that the destruction of flagella affects the phenotype of biofilm by affecting flagella-mediated motility in different species (O’Toole and Kolter, 1998; Pratt and Kolter, 1998; Lee et al., 2004; Hossain and Tsuyumu, 2006). Besides, it is proved that the signal transmitted by flagella can stimulate biofilm formation (Belas, 2014). In B. subtilis, inhibiting flagellar movement by destroying flagellar stator protein MotB, over-expressing site-directed EpsE mutant, or using flagellin antibody can stimulate the generation of biofilm matrix, and the appearance of colony biofilm phenotype by activating DegS-DegU two-component system (Cairns et al., 2013). In V. cholerae, the deletion of flagellar filament structure can stimulate the biofilm formation by increasing the level of second-messenger cyclic diguanylate (c-di-GMP), which requires the participation of flagellar stator protein (Wu et al., 2020). In P. aeruginosa, c-di-GMP plays an important role in the regulation of flagella and biofilm. The flagellar stator protein MotCD has been proved to interact with diguanylate cyclase SadC to activate the activity of SadC, thus stimulating the production of c-di-GMP, inhibiting the swarm movement, and promoting the formation of biofilm (Caiazza et al., 2007; Baker et al., 2019). In contrast, it has also been suggested that flagella-mediated motility is not necessary for biofilm formation. In B. subtilis, the immobile cells caused by destroying flagellin protein Hag can reach the gas-liquid interface by Brownian movement and then form a biofilm (Hölscher et al., 2015). To investigate the participation of flagella-mediated motility in the biofilm formation of emetic strain 892-1, we mutated the flagellar stator proteins which are reported to control swimming ability without affecting flagellar structure (Houry et al., 2010; Cairns et al., 2013). To our surprise, the biofilm of ΔmotA significantly decreased when compared with the wild-type cell (Figure 5B and Supplementary Figure 2). In contrast, ΔmotB completely lost the ability to form the biofilm. Together, these results indicated that flgE, apart from its flagella-mediated swimming ability, plays other unknown regulatory roles that contribute to biofilm formation in 892-1. Although the flagellar structure is considered to be able to maintain the stability of biofilm structure in many other species such as in P. aeruginosa (Ozer et al., 2021), Helicobacter pylori (Hathroubi et al., 2018), and Geobacter sulfurreducens (Liu et al., 2019), ΔmotB had no obvious difference in biofilm formation compared with ΔflgE (Figure 5B and Supplementary Figure 2), indicating that flagella themselves do not play a scaffold-role in 892-1.

Moreover, the deletion of flgE not only reduced biofilm formation, but also significantly down-regulated cereulide production (Figure 6A). To our surprise, the amount of cereulide in complementary strain was higher than the wild-type strain. We monitored the transcriptional levels of flgE, the expression level of flgE in the complementary strain was significantly higher than the wild-type strain (Figure 6B), indicating the difference in the production of cereulide between the wild-type strain and supplementary strain may be caused by the differential expression of flgE. Therefore, we speculated that flgE may serve as an important contributor to both biofilm formation and cereulide production, which suggests that the two phenotypes are possibly governed by a common system within the cell. The potential regulatory effect of flagella in mediating virulence or pathogenicity has been reported widely (Haiko and Westerlund-Wikström, 2013; Stevenson et al., 2015). In B. cereus, flhF, which controls the arrangement of flagella, is important in cell migration, especially swarming motility (Salvetti et al., 2007). Deletion of flhF significantly affects the pathogenicity of B. cereus, resulting in a reduction of infection in vivo (Mazzantini et al., 2016). Quorum sensing (QS) is an important system in cell-cell communication that is involved in many biological processes, including biofilm formation and virulence (Rutherford and Bassler, 2012). In V. cholerae, QS autoinducers cholerae autoinducer-1 (CAI-1) and autoinducer-2 (AI-2) cannot bind to the kinases CqsS and LuxPQ on the cell membrane at a low cell density, resulting in the activation of biofilm formation and virulence (Bridges and Bassler, 2019). The relationship between biofilm formation and cereulide production in the emetic strain of B. cereus is still unclear and the mechanism of flgE in these two processes needs to be further investigated in the future.



CONCLUSION

In this study, we showed that flagellar hook protein FlgE is critical in biofilm formation in emetic B. cereus. The potential role of FlgE does not depend on the scaffold-role of flagella in biofilm formation. Instead, swimming ability contributes to biofilm formation, but is not necessary for it. Moreover, loss of flgE also reduced cereulide production, demonstrating the dual role of the flagellar hook protein in emetic B. cereus. Therefore, FlgE can be used as a target for the control of food contamination and poisoning incidents caused by emetic B. cereus.
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Shewanella baltica is the dominant bacterium that causes spoilage of seafood. RpoS is an alternative sigma factor regulating stress adaptation in many bacteria. However, the detailed regulatory mechanism of RpoS in S. baltica remains unclear. This study aims to investigate the regulatory function of RpoS on spoilage activity and adhesion ability in S. baltica. Results revealed that RpoS had no effect on the growth of S. baltica, but positively regulated the spoilage potential of S. baltica accompanied by a slower decline of total volatile basic nitrogen, lightness, and the sensory score of fish fillets inoculated with rpoS mutant. RpoS negatively regulated the adhesion ability, which was manifested in that the bacterial number of rpoS mutant adhered to stainless steel coupon was higher than that of the S. baltica in the early stage, and the biofilm formed on glass slide by rpoS mutant was thicker and tighter compared with S. baltica. Transcriptomic analysis showed that a total of 397 differentially expressed genes were regulated by RpoS. These genes were mainly enrichment in flagellar assembly, fatty acid metabolism/degradation, and RNA degradation pathways, which were associated with motility, biofilm formation and cold adaptation. This study demonstrated that RpoS is a primary regulator involved in flagellar assembly mediated biofilm formation and cold adaptation-related spoilage activity of S. baltica. Our research will provide significant insights into the control of microbiological spoilage in seafood.
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Introduction

Microbial spoilage of seafood during processing, storage and sales lead to massive economic losses in the aquatic industry (Odeyemi et al., 2020; Zhuang et al., 2021). The psychrotolerant Shewanella baltica is a well-known spoilage bacterium frequently detected in chilled fish and seafood (Vogel et al., 2005). Studies indicated that S. baltica was the specific spoilage microorganism in raw salmon, chilled shrimp, and large yellow croaker (Macé et al., 2013; Zhu et al., 2015, 2016). S. baltica is a gram-negative, motile, rod-shaped bacterium, which is capable of producing H2S. S. baltica possesses a strong spoilage potential by the formation of spoilage-associated metabolites, such as utilizing trimethylamine-N-oxide as an electronic receptor to produce trimethylamine, dimethylamine and formaldehyde, thus bringing the unpleasant off-flavors (Broekaert et al., 2011; Wright et al., 2019). S. baltica decomposed nutrients in fish mainly via nitrogen and nucleotide pathways and thereby caused the production of amines, organic acids, etc. (Serio et al., 2014; Lou et al., 2021). Generally, diverse microbiota is discovered on newly caught fish, among which S. baltica only accounts for a fraction of the initial microflora, but S. baltica dominates and becomes the spoilage microorganism during low-temperature storage (Parlapani et al., 2014). It indicates that S. baltica has a robust ability to accommodate rapidly changing conditions. The response of bacteria to different environmental stresses requires complex coordination and overlapping regulatory networks (Zhuang et al., 2021). Adhesion is an important way for bacteria to adapt to the environment, which is a key step in the spoilage process of seafood. S. baltica has the potential to attach to seafood and form biofilm on the surface (Zhu et al., 2019). Understanding the environmental adaptation mechanism of S. baltica will provide guidelines for the storage of seafood.

Sigma factor is a constituent of bacterial RNA polymerase responsible for recognizing promoters and initiating transcription. Previous studies have shown that the sigma factor regulates a large regulon in Gram-negative bacteria, accounting for about 10% of the genome (Schellhorn, 2014; Wong et al., 2017). RpoS is associated with stress adaptation and response to changeable environments (Dodd and Aldsworth, 2002; Dong and Schellhorn, 2010). The function of RpoS has been widely explored in Escherichia coli, Serratia plymuthica, and Vibrio cholerae (Vidovic et al., 2011; Liu et al., 2016; Wölflingseder et al., 2022), and the results showed that RpoS enhanced their adaptation to various environmental stresses (starvation, acidic pH, oxidative stress, etc.). Recent studies found that RpoS can also regulate virulence factor expression, such as adhesion, biofilm-forming, antibiotic tolerance, etc. Mata et al. (2017) showed that the adherence to epithelial cells of E. coli was upregulated by RpoS. RpoS also revealed a positive effect on the expression of T6SS gene and flagellum formation with the increased synthesis of exopolysaccharides in Y. pseudotuberculosis (Guan et al., 2015). The role of RpoS played in stress adaptation and toxin factor expression indicated that RpoS might be involved in the environmental adaptation and spoilage ability of S. baltica. Feng et al. (2021) demonstrated that sigma factors RpoS/RpoN regulated the stress response and spoilage activity of S. baltica. Our previous study indicated that RpoS controlled the stress resistance, quorum sensing and biofilm formation in S. baltica (Zhang et al., 2021), however, the detailed genes regulated by RpoS remain unknown.

Recently, many emerging omics methods, such as genomics, metabolomics, and transcriptomics, have been widely applied in the study of food safety with the rapid development of science and technology (Zhao et al., 2020; Li et al., 2021). For instance, the stress responses of Salmonella enterica to thermal and essential oils were clarified by metabolomics and transcriptomics (Chen et al., 2022b). Transcriptomics was a feasible technique, which uses the RNA-seq high-throughput sequencing technology to investigate the gene expression level and regulation of food microorganisms at the overall level. Therefore, transcriptomics was applicable to analyze the function of RpoS in S. baltica.

For a better understanding of the role of RpoS in S. baltica, the difference between S. baltica and rpoS mutant in spoilage potential and adhesion effect was compared. We further explored the differentially expressed genes (DEGs) in S. baltica and rpoS mutant using a transcriptome technology. This study aims to clarify the regulatory mechanism of RpoS in S. baltica, which will provide new ideas for the control of spoilage microorganisms.



Materials and methods


Strains and culture conditions

The S. baltica X7 was previously isolated from large yellow croaker. The corresponding rpoS mutant was constructed in the previous study (Zhang et al., 2021). Both of these two bacterial species were cultured in LB broth.



Spoilage activity determination

The spoilage activity of two bacterial strains was evaluated by sterile large yellow croaker fillets. The sterile fish fillets were prepared as described by Macé et al. (2013). The overnight culture of S. baltica and rpoS mutant were centrifuged and re-suspended in sterile water to OD600 ≈ 0.2. Then 5 ml of the corresponding bacterial suspension was added to 500 ml of sterile water. After that, all the fish fillets were divided into three groups. Two groups were immersed with the bacterial suspension of S. baltica and rpoS mutant for 10 min, respectively, and the initial bacterial count of fish fillets was approx. 4 log CFU/g. The other group was immersed in sterile water for 10 min as a control (Wang et al., 2017). The fillets were then individually packed in polyvinyl chloride bags and stored at 4 ± 0.5°C. Three fillets from each group were randomly selected for analysis every day. Total viable counts (TVC) were detected as reported by Ozogul et al. (2017). Approximately 25 g of fish fillets were diluted by 225 ml of 0.85% NaCl solution, and the plate count agar was poured onto the dilution and cultured for 48 h at 30°C. The sensory evaluation was conducted based on the studies of Parlapani et al. (2014) and Chen et al. (2022a) with some modifications (Supplementary Table S1). Five trained panelists assessed the fish quality from three aspects: color, texture, and odor. The spoilage level of the fish fillets was scored on a continuous scale from 0 to 10. The total scores of 8–10 points are fresh; 5–7 points are slight spoilage; and 0–4 points are spoilage. The total volatile basic nitrogen (TVB-N) of fish fillets was measured by the Conway and Byrne method using Semi-trace Kevlar Nitrometer (Parlapani et al., 2014). The lightness of fish fillets was determined by a chroma meter (CR-400, Konica Minolta, INC, Japan).



Bacterial adhesion assays


Bacterial adhesion to stainless steel

The adhesion assay of bacterial strains was performed on the stainless steel coupon in LB broth. The 304 stainless steel coupons (10 mm × 10 mm, 1.5 mm thickness) were washed with 75% ethanol and distilled water, and then they were sterilized (Yuan et al., 2018). One milliliter of an overnight culture of S. baltica wild-type and rpoS mutant was inoculated into a centrifugal tube containing 5 ml LB broth, respectively. Each centrifugal tube contained one stainless steel coupon and was cultured for 24 h at 30°C. The number of colonies attached to stainless steel coupon was determined at 0 and 15 min, 1, 2, 4, 7, 10, and 24 h. The stainless steel coupon was taken out with sterile tweezers and washed with sterile distilled water. The stainless steel coupon was immersed in 5 ml distilled water, handled with ultrasonic for 10 min, and homogenized for 2 min. The determination of the total viable count is the same as described above.



Microscopic analysis

For scanning electron microscopy (SEM) observation, the sterilized stainless steel coupons were incubated in LB broth containing S. baltica or rpoS mutant for 24 h, then the stainless steel coupon was washed with sterile distilled water three times and fixed with 2.5% glutaraldehyde overnight. The coupons were dehydrated by immersing in 30%, 50%, 70%, 80%, and 90% ethanol for 10 min, respectively. Then further dehydration was carried out in 100% ethanol for 15 min twice. Finally, the coupons were dried, gold sputtered and observed using a scanning electron microscope (Hitachi Model SU8010, Japan).

For light microscopic observation, the bacterial cells attached to glass were investigated according to Santhakumari et al. (2018). The sterilized glass slides were plated in LB and cultured for 24 h. Then the glass slides were washed with sterile distilled water and stained with crystal violet for 15 min. The glass slides were examined under a light microscope (Olympus CX22, Tokyo, Japan) after drying.




Transcriptome samples preparation and analyze


RNA extraction and library preparation

Strains of both S. baltica and rpoS mutant were incubated to OD600 = 1.5, and the bacterial pellet was obtained by centrifugation (4,000 rpm, 15 min). RNA was extracted using a RNeasy Mini Kit (Qiagen, Germany). The rRNA was removed and mRNA was left. The fragmentation was obtained by divalent cations in NEBNext First Strand Synthesis Reaction Buffer. First-strand of cDNA was synthesized with a random hexamer primer. Second strand cDNA synthesis was carried out by DNA Polymerase I and RNase H. The library fragments were purified by an AMPure XP system (Beckman, United States). Afterward, PCR was performed and PCR products were analyzed with the Agilent Bioanalyzer 2100 system. The library preparations were sequenced with an Illumina Novaseq platform.



Analysis of RNA-seq

The reads containing adapter, ploy-N (N rate > 10%) and low-quality reads were removed and clean reads were collected. The Q20 and Q30 indicated the data were of high quality with values of >98 and 95%, respectively. The clean reads were mapped to S. baltica OS678 complete genome in the NCBI database using Bowtie2-2.2.3. Gene expression levels were analyzed by fragments Per Kilobase of transcript sequence per Millions of base pairs sequenced (FPKM; Trapnell et al., 2013). DEGs were analyzed according to the false discovery rate (FDR) values (<0.05), p values (<0.05), and the |log2 (fold change)| values (>0.5). The biological functions and metabolic pathways of the DEGs were classified according to the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases. GO terms with adjusted p < 0.05 were regarded as significantly enriched by DEGs. The statistical enrichment of DEGs in KEGG pathways was analyzed by KOBAS software.



qRT-PCR validation

Bacterial strains were cultured to the end of the exponential phase. RNA was obtained by trizol reagent (Sangon Biotech, China). The EasyScript One-step gDNA Removed and cDNA Synthesis Supermix kit (Transgen, China) was used to compose cDNA. The primers were listed in Supplementary Table S2. TransStart Tip Green qPCR supermix kit (Transgen, China) was used for qPCR amplification. The threshold cycles (CT) were recorded and the relative expression level of genes was obtained by the 2–△△Ct method (Li et al., 2019).




Data analysis

Each analysis was conducted in triplicate. The results were recorded as the mean ± standard deviation. The significance between samples (p < 0.05) was analyzed by SPSS 19.0 software with one-way analysis of variance (ANOVA).




Results and discussion


RpoS positively regulated spoilage activity

The spoilage activity of bacterial strains was estimated on sterile yellow croaker fillets. The initial viable count for control was below 2.0 log CFU/g. The initial number for fillets that were inoculated with S. baltica or rpoS mutant was about 4.8 log CFU/g. The number of bacteria increased with storage time, and the growth curves of the two strains were very close, which almost overlapped after 4 days of storage with a viable count of about 8.2 log CFU/g, indicating that RpoS did not affect the growth of S. baltica (Figure 1A). Our previous study has shown that the deletion of rpoS does not affect the growth of S. baltica at neither 30 nor 4°C in LB broth (Zhang et al., 2021). Similarly, the growth of P. fluorescens did not change without rpoS (Liu et al., 2018). RpoS regulator was first identified as a growth phase-dependent regulator, and it usually plays a role in stress regulation at the stationary phase (Schellhorn, 2014). Therefore, RpoS does not affect the growth of S. baltica.
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FIGURE 1
 Changes in total viable counts (A), sensory score (B), TVB-N (C), and lightness (D) of yellow croaker fillets inoculated with Shewanella baltica and rpoS mutant during storage at 4°C.


Sensory scores of all samples decreased with the prolonging of storage time because of the production of spoilage metabolite and change in appearance (Figure 1B). TVB-N is one of the typical spoilage metabolites, which is usually used to evaluate the process of fish spoilage. The TVB-N of samples inoculated with S. baltica and rpoS mutant increased quickly after 3 days of storage, and the group inoculated with S. baltica reached a maximum TVB-N value exceeding 30 mg/100 g at day 6 (Figure 1C). The lightness of fish fillets inoculated with S. baltica declined quickly compared with that inoculated with rpoS mutant (Figure 1D), which was in accordance with the sensory scores. The sensory score of the fish fillets inoculated with rpoS mutant was significantly lower than that of S. baltica after 3 days of storage (p < 0.05), suggesting that RpoS positively regulated the spoilage activity of S. baltica. Similar results were also found in P. fluorescens and S. baltica SB02, the spoilage activities of which decreased when the rpoS gene was deleted, which is in agreement with the result in this study. It was inferred that this phenomenon might be attributed to the decrease of extracellular enzyme activity or the down-regulation of quorum sensing in rpoS mutant (Liu et al., 2018, 2019; Feng et al., 2021; Hai et al., 2022). The regulatory mechanism of RpoS on bacterial spoilage needs to be thoroughly explored in the future.



RpoS negatively regulated the adhesion

Bacteria mediated seafood spoilage is a complex process, involving in adhesion, proliferation, and forming biofilm (Sun et al., 2022). Once bacteria attach to seafood, biofilms will gradually form, thereby causing seafood spoilage (Zhao et al., 2022). The result of bacterial adhesion ability on stainless steel coupon was displayed in Figure 2A. In the early stage of adhesion (0–4 h), S. baltica wild type showed a very slow adhesion to the stainless steel, but the number of rpoS mutant on stainless steel coupon was higher than that of S. baltica. After 2 h of incubation, the number of rpoS mutant colonies that adhered to the coupon was nearly 100-fold higher than S. baltica. After 24 h, the number of colonies in both strains reached 6.6 CFU/cm2, and no significant difference between S. baltica and the rpoS mutant was observed. It can be observed that the rpoS mutant exhibited an earlier and stronger adhesion ability than that of S. baltica wild type. For the SEM visualization (Figures 2B,C), similar biofilm morphology of rpoS mutant and S. baltica on stainless steel coupon was observed, which was in accordance with the attached bacterial count at 24 h. For the glass slides, the biofilm formed by S. baltica wild type was relatively loose (Figure 2D), while rpoS mutant formed more compact biofilm (Figure 2E). Compared with S. baltica wild type, rpoS mutant showed earlier adhesion ability on stainless steel coupon and thicker biofilm on the glass slide, indicating that RpoS negatively regulated the adhesion related characteristics of S. baltica in a time-dependent and condition-dependent manner.
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FIGURE 2
 Number of bacterial count on stainless steel coupon, “*” and “**” indicate the significant difference at p < 0.05 and p < 0.01, respectively (A). Scanning electron microscopy images of biofilm formed on stainless steel coupon by Shewanella baltica (B), and rpoS mutant (C). Microscopic visualization of biofilm formed on glass slide by S. baltica (D), and rpoS mutant (E).


RpoS usually had a positive response to the changes in the external environment or living state, for example, the motility of Vibrio cholerae decreased when the rpoS was deleted (Wölflingseder et al., 2022). However, RpoS also manifested some negative regulations. RpoS was found to negatively regulate the swimming motility in E. coli and S. plymuthica G3 (Ojima et al., 2012; Liu et al., 2016), suggesting that the regulatory mechanism of RpoS may be species-dependent. Consistent with our result, Feng et al. (2021) reported that the deletion of RpoS enhanced the swimming motility in S. baltica SB02, and the flagella of the rpoS mutant was thicker than that of the wild type observed by transmission electron microscopy. In addition, the biofilm production in Cronobacter sakazakii with a defect of rpoS only declined in 24 h, and there was no significant difference after 48 h of incubation, revealing that the regulation of RpoS on biofilm formation only showed a delayed effect rather than a complete inhibition (Fernández-Gómez et al., 2020). It revealed that RpoS has a growth-stage dependence on the regulation of biofilm, which provides important insights into the control of S. baltica during seafood processing.



RNA sequencing analysis

In this study, to further investigate the regulatory role of RpoS, a comparative transcriptome analysis of the rpoS gene-deficient strain (981 bp segment) and the S. baltica wild-type was performed. The total RNA obtained from S. baltica and rpoS mutant cells were analyzed to identify the DEGs. After filtration, there were on average 7,775,014 and 7,509,599 raw reads for S. baltica and rpoS mutant, respectively (Supplementary Table S3). A total of 7,638,874 and 7,369,249 high-quality reads from S. baltica and rpoS mutant, respectively, were mapped on the reference genome of S. baltica OS678 (Supplementary Table S3). Approximately 85% of short reads were successfully mapped on the S. baltica OS678 genome (Supplementary Table S4).

To reduce the impact of sequencing depth and gene length, the corrected FPKM is usually used for describing the gene expression value of RNA-seq. The correlation coefficients indicate the correlations of gene expression between samples. As exhibited in Figure 3A, the squares of the Pearson correlation coefficients (R2) were all greater than or equal to 0.8, signifying that the expression patterns of genes were very similar between samples (Garber et al., 2011). A total of 397 DEGs was observed, which accounted for almost 10% of the genome (Figure 3B; Supplementary Table S5). The expression of 248 genes (approximately 62%) increased in rpoS mutant, while the other 149 genes (approximately 38%) decreased.
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FIGURE 3
 The heat-map of Pearson correlation coefficients based on gene expression levels (A). Volcano plots of different expressed genes (B). “She” indicates Shewanella baltica wild type, “rpoS” indicates the rpoS mutant.


Hierarchical clustering was performed according to the 397 DEGs, in which the intuitive changes of DEGs between samples were observed (Figure 4). The unsupervised clustering formed two major gene clusters. Cluster 1 (red color) and cluster 2 (green color) indicated the upregulated and downregulated genes, respectively.
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FIGURE 4
 Heatmap of different expressed genes in Shewanella baltica and rpoS mutant. Each row represents the expression pattern of a single gene and each column corresponds to a single sample. “She” indicates S. baltica wild type, “rpoS” indicates the rpoS mutant.




GO analysis

Gene Ontology enrichment analysis was conducted based on the DEGs. Among the up-regulated DEGs in rpoS mutant (Figure 5; Supplementary Table S6), it showed that several categories of biological processes were enriched in the DEGs of rpoS mutant, including flagellum-dependent cell motility (GO:0001539, GO:0071973, and GO:0097588), movement of cell component, cell motility (GO:0006928, GO:0048870, and GO:0040011), localization of cell (GO:0051674), and oxidation–reduction process (GO:0055114). As to molecular function, oxidoreductase activity (GO:0016491, GO:0016627), cofactor and coenzyme binding (GO:0048037, GO:0050662), heme binding (GO:0020037), flavin adenine dinucleotide (GO:0050660), tetrapyrrole binding (GO:0046906), and electron transfer activity (GO:0009055) were over-represented. The oxidoreductase activity and cofactor binding were the most represented. The increased motility has been observed in rpoS mutant (Zhang et al., 2021), which was mediated by flagellum. The changes in oxidoreductase indicated that RpoS may be involved in the activation of oxidative stress response of S. baltica. Therefore, cell motility and oxidoreductase activity were considered to be the main regulation pathways of RpoS.
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FIGURE 5
 GO enrichment analysis of differently expressed genes.


Among downregulated DEGs in rpoS mutant, membrane (GO:0016020) in cellular component, nucleic acid binding (GO:0003676), and RNA binding (GO:0003723) involved in molecular function were representive. In terms of the membrane, the expressions of major facility superfamily (MFS) genes (RS23645, RS43790, and RS29395) were significantly declined in rpoS mutant. MFS family transporters are not only related to the absorption of nutrients but also involved in response to external stress. It can be inferred that membrane is one of the main targets of RpoS (Costa et al., 2014).



KEGG analysis

To comprehensively analyze the regulatory function of DEGs, these DEGs were further subjected to KEGG analysis. For the upregulation of DEGs, they were principally focused on flagellar assembly, bacterial chemotaxis, fatty acid metabolism, and two-component system. The downregulation of DEGs were enriched in the RNA degradation and quorum sensing pathways (Figure 6; Supplementary Table S7).
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FIGURE 6
 Scatterplot of upregulated genes (A), and down-regulated genes (B), enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway. Enrichment score represents the ratio of the number of upregulated/downregulated genes and the number of all genes in the pathway.




Flagellar assembly and biofilm formation

Flagella is an important motor organ in bacteria. It was reported to have three functional characteristics: motility, chemotaxis, and adhesion, which contribute to responding to the adverse environment quickly and timely for bacteria (Lund et al., 2020). The motility can promote the adhesion of bacteria on host cells, thus realizing infection (Colin et al., 2021). Previous studies indicated that flagella played a crucial role in the adhesion for bacteria, as the flic subunit promoted bacteria move to the attachment site in the early stage of adhesion (Sun et al., 2022). It has been observed in our previous study that RpoS negatively regulated the motility of S. baltica and the diameter of the rpoS mutant increased by 46.6% more than S. baltica wild type on the plate (Zhang et al., 2021). The flagella structure consists of three parts: a body basel, hook, and filament (Chilcott and Hughes, 2010). The synthesis and assembly of flagellum are usually involved in more than 50 genes (Chevance and Hughes, 2008). As shown in Table 1, the high expression levels of flagellar body basel-related genes (flgF, flgG, flgH, flgI, flgC, fliF, fliN, and motB) and flagella hook associated genes (flgK, fliK, and flgD) were found in rpoS mutant. The flgM and flgE showed 1.21 and 0.72 log2 (fold change) expression levels, respectively (Figure 7). FlgM protein regulates the transcription level of flagellum-related genes, thus affecting the length and quantity of flagellum. The secretion of FlgM indicates the accomplishment of the Hook-basal body (Wosten et al., 2010). The function of FlgE is to connect the flagellum filament and hook, which changes the angle of flagellum rotation (Shen et al., 2017; Li et al., 2022). Previous studies showed that the enhanced motility of rpoS mutant required the RpoN, and about 60% of genes were simultaneously oppositely regulated by RpoS and RpoN (Dong and Schellhorn, 2010). Feng et al. (2021) found that the deficiency of RpoN leads to a decrease in the motility of S. baltica, which was owing to the downregulation of flagella assembly-related genes (i.e., flgF, flgC, etc). The current increased swimming motility of rpoS mutant of S. baltica might be also affected by the existence of RpoN.



TABLE 1 Representative differently expressed genes in the Shewanella baltica wild type and rpoS mutant.
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FIGURE 7
 Changes of the expression levels of genes involved in flagellar assembly and fatty acid metabolism of Shewanella baltica. The genes marked in red and green represented upregulation and downregulation in rpoS mutant.


Biofilm formation is another important flagella-dependent survival model for microorganisms. When the number of bacteria fixed on the surface of host cells increases, the bacteria can secrete extracellular compounds, such as polysaccharides and protein, eventually forming stable biofilms (Voglauer et al., 2022). Zhao et al. (2022) exhibited that acidic electrolysed water disturbed the biofilm formation of E.coli by decreasing the nucleotide-related and carbohydrates component. This study revealed that the adhesion and biofilm-forming abilities of rpoS mutant were higher than that of S. baltica wild type (Figure 2). RNA degradation declined in rpoS mutant, while protein and carbohydrate metabolism had no significant change (Figure 6). We inferred that flagella assembly and RNA degradation might play a more important role in biofilm formation than nutrient metabolism The present study indicated that RpoS negatively regulated the flagellar-associated gene expression and biofilm formation. Therefore, RpoS-mediated flagellar assembly is one of the most crucial features of S. baltica in environmental adaptability.



Fatty acid metabolism

Fatty acid metabolism and fatty acid degradation are also important pathways regulated by RpoS (Figure 6). Fatty acids are the main components of the bacterial cell membrane. Fatty acid metabolism has been identified to be closely related to bacterial adaptation to the cold environment because the low temperature can reduce bacterial membrane fluidity and growth rate by adjusting the composition of fatty acids, especially the unsaturated fatty acids (UFAs) (Wang et al., 2020). In the fatty acid metabolism pathway, FabA plays a key role in the synthesis of UFAs. FabA is a bifunctional enzyme that can dehydrate β-hydroxy-decanoyl-ACP and isomerize trans-2-decenoyl-ACP in order to stimulate UFAs synthesis. While fadA, fadB, fadD, fadE, fadF, fadI, and fadJ are the essential genes in the fatty acid degradation pathway (Feng and Cronan, 2011). This study indicated that fabA was down-regulated by RpoS, while the expression of fadA, fadB, fadD, fadI, and fadJ were upregulated (Table 1), indicating that the deficiency of rpoS decreased the synthesis of UFAs in S. baltica. FabH is β-Ketoacyl-ACP synthase, which is the initiation factor of the carbon chain extension cycle, and fabH was down-regulated in S. baltica (Figure 7). Phosphatidylglycerol phosphate synthase (PgsA) catalyzes the primary reaction of phosphatidylglycerol biosynthesis, which was down-regulated in the rpoS mutant. Shewanella baltica is one of the most common specific spoilage bacteria in refrigerated fish and seafood. The strong adaptability to low temperature contributes Shewanella to maintaining a great growth state under refrigerated conditions. Initiation factor 1 (IF1) is encoded by infA, which is associated with the initiation step of protein synthsis in bacteria. The infA gene was positive-regulated by RpoS in S. baltica strain (Supplementary Table S5). Ko et al. (2006) reported that the expression of IF1 increased when E. coli cells were treated with cold shock, which is in accordance with our result. The deficiency of RpoS decreased the spoilage ability in S. baltica (Figure 1), which may be related to the decline of cold adaptation. Wang et al. (2020) reported that cell membrane UFAs-mediated cold adaptation was closely related to the spoilage potential. However, there are few reports on the relationship between RpoS and cold adaptation. Therefore, the cold adaptation regulatory mechanism regulated by RpoS needs to be further studied, which will contribute to clarifying the spoilage characteristics of Shewanella spp.



Two-component regulatory systems

Microorganism can assemble some necessary genetic circuits to sense external stimuli and respond to environmental stress. Two-component regulatory system (TCRS) is one of the most important signal transduction systems that allow bacteria to respond to stress conditions and improve their survival (Nguyen and Hong, 2008). The present study showed that TCRS was upregulated in the rpoS mutant of S. baltica. Bacterial TCRS is involved in the regulation of bacterial chemotaxis, morphological differentiation, nutrient metabolism, drug resistance, and many other physiological processes. Li et al. (2022) showed that the expression of rpoS can be activated by the two-component system of TorR using transcriptomics, while the effect of RpoS on TCRS was rarely studied. The up-regulated TCRS in the rpoS mutant indicated that TCRS is involved in the stress regulation of RpoS to S. baltica, but the detailed mechanism needs to be further explored.




Transport RNA

The tRNA mainly participates in the process of protein translation. Table 1 showed that 15 kinds of the transfer RNA (tRNA) were downregulated, indicating that RpoS contributes to the tRNA-mediated protein synthesis. Studies revealed that translation regulation is an important mechanism for bacteria to respond to stress quickly, and the dynamic adjustment of the total amount of tRNA is a critical regulation means for bacteria to deal with the harsh environment. Zhong et al. (2015) reported that E. coli slowed down the rate of translation extension by downregulating the expression of tRNA, which makes cells promptly adapt to oxidative stress.


Quorum sensing

Quorum sensing (QS) is a mechanism that microorganisms communicate to sense chemical signaling change, thus mediating the toxin factors expression, such as biofilm formation and extracellular enzyme production (Mukherjee and Bassler, 2019). Figure 6 showed that the expression of QS pathway decreased in the rpoS mutant. Consistent with this study, our previous study demonstrated that QS signals cyclo-(L-Pro-L-Leu) and cyclo-(L-Pro-L-Phe) declined in rpoS mutant, and the expression levels of QS sensing genes luxR were also declined in rpoS mutant (Zhang et al., 2021). Similar phenomena were also found in P. fluorescens and S. baltica SB02, in which the acyl homoserine lactone and diketopiperazines QS signaling decreased in the deletion of rpoS mutant (Liu et al., 2018; Zhang et al., 2021), indicating that RpoS usually positively regulated the QS. Therefore, QS is expected to become a new target to control the spoilage caused by S. baltica.



Others

Cold shock protein is an important protein that affects the ability of bacteria to adapt to low temperature. Cold shock DNA-binding domains (RS31005) were downregulated in the rpoS mutant (Supplementary Table S5). Cold shock protein can be used as molecular chaperones to bind with single-stranded DNA or single-stranded RNA, which prevents DNA or RNA from forming secondary structures at low temperature, thereby promoting transcription and translation (Mihailovich et al., 2010). DNA gyrase B and parE (RS27555), which were the targets of antibiotics in Gram-negative bacteria, were downregulated in rpoS mutant. Bacterial DNA gyrase is the basic enzyme involved in the formation of DNA superhelix, and the decrease of gyrase related genes usually causes antibiotic resistance (Jogula et al., 2020). It suggests that RpoS take part in the regulation of antibiotic resistance of S. baltica. Previous studies indicated that the rpoS gene was involved in tolerance to antibiotics in Pseudomonas aeruginosa during the stationary phase (Keiji et al., 2010), and the deficiency of rpoS in Salmonella Enteritidis decreased the tolerance to essential oils (Cariri et al., 2019), which supports our conclusion.

Danhorn and Fuqua (2007) described that flagellum generally guides bacteria colonized on food-contact surfaces in the initial adhesive stage, then the flagella declined with the bacterial proliferation. Food gradually spoiled with the bacteria adapting to the environment and secretion of extracellular enzymes (Hai et al., 2022). Previous studies have confirmed that fatty acid synthesis and QS can enhance the growth and spoilage ability of S. baltica (Zhu et al., 2015; Wang et al., 2020). In this study, the fatty acid synthesis and QS pathways were downregulated in rpoS mutant, and its spoilage ability also decreased, but the gene expression related to flagellum assembly increased. Therefore, we speculated that RpoS might improve the survival strategy and spoilage activity through early adhesion mediated by flagella assembly pathway as a crucial target. Overall, RpoS is an important regulator involved in the environmental adaptation and spoilage potential of S. baltica.



qPCR validation

To validate the RNA-seq data, qPCR was conducted on four genes (RS37220, RS42925, RS34240, and RS32515) regulated by RpoS. These selected genes showed up-regulation in rpoS mutant compared with S. baltica. The expression levels were very close in RNA-seq and qPCR results (Figure 8), which indicated that the transcriptome results were reliable.
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FIGURE 8
 Validation of RNA-seq data of selected genes by qPCR.





Conclusion

This study revealed that RpoS positively regulated the spoilage activities of S. baltica while negatively regulated the adhesion and biofilm formation. Transcriptome analysis indicated that large numbers of genes were regulated by RpoS, mainly including flagellar assembly, fatty acid metabolism, two-component regulatory systems, and RNA degradation. These biological pathways might be involved in colonization, stress response, cold adaptation, and spoilage potential of S. baltica. Meanwhile, some other pathways such as quorum sensing were also mediated by RpoS, indicating that RpoS has a wide range of regulatory functions in cell processes. The transcriptome results are reliable through qPCR validation. The present results deepened our understanding of the bacterial spoilage mechanisms. RpoS might be used as a new target for food preservation in the future.
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Lactobacillaceae are Gram-positive rods, facultative anaerobes, and belong to the lactic acid bacteria (LAB) that frequently serve as probiotics. We systematically compared five LAB strains for the effects of different carbohydrates on their free-living and biofilm lifestyles. We found that fermentable sugars triggered an altered carrying capacity with strain specificity during planktonic growth. In addition, heterogeneous response to fermentable sugar was manifested in microbial aggregation (measured by imaging flow cytometry), colony development, and attachment to mucin. The acid production capacities of the strains were compatible and could not account for heterogeneity in their differential carrying capacity in liquid and on a solid medium. Among tested LAB strains, L. paracasei, and L. rhamnosus GG survived self-imposed acid stress while L. acidophilus was extremely sensitive to its own glucose utilization acidic products. The addition of a buffering system during growth on a solid medium significantly improved the survival of most tested probiotic strains during fermentation, but the formation of biofilms and aggregation capacity were responsive to the carbohydrate provided rather than to the acidity. We suggest that the optimal performance of the beneficial microbiota members belonging to Lactobacillaceae varies as a function of the growth model and the dependency on a buffering system.
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Introduction

Firmicutes are a dominant phylum in the human microbiota, and the proportions of members of this phylum vary between individuals and are greatly influenced by the local pH (Spor et al., 2011). Accordingly, the stomach is the least diverse growth niche within the human gastrointestinal tract (due to its extreme acidity). In the microbiome, the presence of probiotic strains varies between healthy individuals. Probiotics are defined simply as “microorganisms that, when administered in adequate amounts, confer a health benefit to the host” (Qin et al., 2010). Probiotic strains are consumed either as fresh fermentation products or as dried bacterial supplements, with Lactobacillaceae and Bifidobacteria, being the two most widely used probiotic species (Didari et al., 2014; Azad et al., 2018). The main strains currently used for probiotic formulation were originally isolated from fermented products or humans (Fontana et al., 2004; Vijaya Kumar et al., 2015; Zielińska et al., 2018).

Lactobacillaceae are Gram-positive rods, facultative anaerobes, and belong to the lactic acid bacteria (LAB) group, as lactic acid is their main end-product of carbohydrate metabolism (Bintsis, 2018; Wang et al., 2021). This family is naturally found in the gastrointestinal tract (GIT) of humans and animals as well as in the urogenital tract of females (Turroni et al., 2014). LAB are considered efficient fermenters, proficient in the production of energy under anaerobic conditions, or when oxygen is limited. The fermentation process involves the oxidation of carbohydrates to generate a range of products including organic acids, alcohol, and carbon dioxide (Hofvendahl and Hahn-Hägerdal, 2000). In general, the response of all LAB strains to fermentation is considered to be uniform and primarily depends on the capacity to utilize glucose and its products (Qin et al., 2010).

In LAB, a phosphotransferase system (PTS) transports glucose across the membrane that is then used by the glycolysis pathway to produce pyruvate. This pathway generates energy and consumes NAD+. Pyruvate is then converted into L-and D-lactate by the stereospecific NAD-dependent lactate dehydrogenases (LDHs), LdhL and LdhD, respectively, which regenerate NAD+ and maintain the redox balance (Ferain et al., 1994). In the presence of oxygen and following the depletion of glucose, lactate is oxidized to pyruvate via the enzyme lactate oxidase followed by the production of acetate using pyruvate oxidase and acetate kinase (ACK) enzymes. The formation of acetate as the major fermentation end product results in homoacetic fermentation (Hols, 2004). Depending on the utilized saccharide and the environmental conditions, carbohydrate catabolism can differ between the LAB species and specific strains. LGG can catabolize glucose and mannose but not raffinose and xylose (Hedberg et al., 2008). Lacticaseibacillus casei ATCC 393 and Lactiplantibacillus plantarum ATCC 8014 can utilize glucose (Paucean et al., 2013), while Lactobacillus acidophilus ATCC 4356 and L. casei ATCC 393 can catabolize both glucose and raffinose from soymilk (Yeo and Liong, 2010). In contrast, Lacticaseibacillus paracasei fermentation capacity was higher with glucose compared with raffinose (Hedberg et al., 2008; Palacio et al., 2014).

In addition to the importance of glucose utilization to microbial energy production, different regulatory effects for fermentable and non-fermentable carbohydrates were episodically reported. Glucose and fructose induce biofilm formation in Lacticaseibacillus rhamnosus GG, together with changes in protein abundance and surface proteome (Savijoki et al., 2019). L. plantarum increases biofilm formation when supplemented with manganese and glucose (Salas-Jara et al., 2016) and Lactobacillus acidophilus NCFM improves its adhesive properties upon raffinose utilization together with changing its proteome architecture (Celebioglu et al., 2016). Altogether, these findings indicate that changes in carbon sources and their concentrations induce more complex adaptations than alterations in microbial growth and that these adaptations need to be systematically explored, characterized, and compared to predict accurately the optimal compositions and formulations of probiotics.

To map adaptations to carbohydrates that are growth-dependent and independent, we systematically compared the response to metabolic stress in microaerophilic (CO2 > 3%) conditions of the five probiotic Lactobacillaceae species: Lacticaseibacillus rhamnosus GG (Segers and Lebeer, 2014), Lacticaseibacillus casei (Karapetsas et al., 2010), Lactobacillus acidophilus (Huang et al., 2022), Lacticaseibacillus paracasei, and Lactiplantibacillus plantarum (Rocchetti et al., 2021) during planktonic growth and colony biofilm formation. Bacillus coagulans, a probiotic Bacilli belonging to the same phylum (Cao et al., 2020), was studied as a non-Lactobacillaceae LAB control strain. Under our conditions, similar glucose utilization efficiencies were observed between the species (as judged by the levels of the end products: lactate and acetate). Our results indicate that a differential response to carbohydrates is correlated with a differential acid tolerance, rather than a differential production of organic acids. Thereof, LAB bacteria significantly differ in their response to their own self-imposed acid stress from glucose utilization products and can be clustered into fermentation resistant and fermentation sensitive strains. The differential adaptation to acidic products included reversible changes in cellular organization and colony formation.



Results


Fermentable sugars specifically but heterogeneously affect the carrying capacity during planktonic growth

To test whether fermentable sugars affect growth differently than non-fermentable sugars, five probiotic Lactobacillaceae species were grown on a rich medium (TSB) in a shaking culture either with glucose (fermentable) or with raffinose (non-fermentable). All bacteria grew similarly in the rich medium. The addition of glucose induced growth as judged by an increased carrying capacity (reflected by the maximal OD measured) of LGG and L. acidophilus compared to TSB alone, but its effect on growth in L. casei, L. paracasei, L. plantarum, and B. coagulans was extremely noisy (Figure 1). To better distinguish between the growth patterns of the different probiotic strains, we further analyzed growth with the software GrowthRates 3.0. We extracted the length of the lag phase, the growth rate, and the carrying capacity of all LAB strains with the different treatments (Hall et al., 2014). Our results indicated that the heterogeneous response was primarily manifested in an altered carrying capacity (e.g., the maximal OD of the cultures; Figure 2A). Strains showed varied carrying capacities from each other, and indeed LGG and L. acidophilus had enhanced carrying capacity in response to Glucose, while other probiotic strains did not exhibit a significant response. In all species, the growth rate and lag time were not significantly altered by glucose addition (Figures 2B,C).
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FIGURE 1
 Heterogeneous alterations in planktonic growth of LAB strains during glucose utilization. Planktonic growth of the indicated species (A) LGG; (B) L. casei; (C) L. acidophilus; (D) L. paracasei; (E) L. plantarum, and (F) B. coagulans in TSB medium (control) either supplemented or not with glucose (1% W/V) and raffinose (1% W/V). Graphs represent mean ± SEM from six independent experiments (n = 24).
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FIGURE 2
 Carbon-dependent growth induction is specifically manifested by an altered carrying capacity. Analysis of planktonic growth from the data shown in Figure 1 using GrowthRates 3.0. (A) Fold change, in carrying capacity, (B) growth rate, and (C) lag time of indicated species between glucose/control, raffinose/control, and glucose/raffinose. Graphs represent mean ± SD from six independent experiments (n = 24). Statistical analysis was performed using Brown-Forsythe and Welch’s ANOVA with Dunnett’s T3 multiple comparisons test. p < 0.05 was considered statistically significant.


We then asked whether the induction of growth is an outcome of fermentable sugar utilization, as fermentation is a metabolic process allowing the production of energy under anaerobic conditions. To answer this, we assessed the growth of the bacteria on media supplemented with raffinose, a sugar source less compatible with fermentation, as it was indicated that alpha-galactosidase, responsible for the hydrolysis of this sugar, is not enzymatically active (Garro et al., 1998; Hedberg et al., 2008; Zartl et al., 2018). Raffinose did not induce the growth of LGG, suggesting that the induction of growth depends on the fermentable nature of the sugar (Figures 1, 2A). In contrast, the carrying capacity of L. acidophilus cultures increased with both glucose and raffinose (Figure 1) but failed to meet the statistical significance of each parameter of growth (Figures 2B,C). In general, the addition of raffinose failed to induce significant alterations in growth parameters in all strains. Similar results were observed when the bacteria were grown with mannose (fermentable) which induced enhanced carrying capacity and xylose non-fermentable), which failed to induce significant alterations of growth (Supplementary Figure S1). With the exception of carrying capacity, other parameters of growth remained unaltered by sugar application in all strains (Figures 1, 2; Supplementary Figure S1).



Differential response of Lactobacillaceae to fermentation is not a result of organic acid production

To compare the fermentation efficiency, we measured the acidity of the medium after growth in the presence and absence of glucose. Indeed, after 24 h the pH of the medium decreased in both glucose and raffinose compared to TSB alone (Figure 3A). The acidity of Lactobacillaceae conditioned medium grown in the absence of glucose and the addition of raffinose was approximately 4.5–5, while the addition of glucose to the medium lowered the pH to 4 or less confirming that upon application of glucose, the acidification of the growth media was enhanced in all Lactobacillaceae that were tested. Compared with other tested strains, B. coagulans altered the pH the least, e.g., to 4.5 in the presence of glucose and 6 in its absence (Figure 3A). The pH drop in the growth medium source was comparable between all Lactobacillaceae strains in glucose and raffinose, except in LGG which was inert to raffinose.
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FIGURE 3
 The variation at the species level in growth enhancement is not due to glucose catabolism. (A) The pH of the conditioned media of indicated species in TSB medium (control) and TSB medium supplemented with glucose (1% W/V) and raffinose (1% W/V). Statistical analysis was performed using two-way ANOVA followed by Dunnett’s multiple comparison test. p < 0.05 was considered statistically significant. (B) HPLC chromatograms indicate an exclusive peak and stable retention time for the pure standards of lactic acid and acetic acid. (C) The concertation of lactic acid and acetic acid produced by the indicated species. Bacteria were grown on an MSgg medium supplemented with glucose (1% W/V) for 24 h. The conditioned medium from the cultures was collected and analyzed using the C-18 column. Statistical analysis was performed using Brown-Forsythe and Welch’s ANOVA with Dunnett’s T3 multiple comparisons test. p < 0.05 was considered statistically significant.


To confirm that the uniform drop in pH levels resulted from the differential accumulation of organic acids among the tested LAB species, we measured the accumulation of glucose utilization products (organic acids), focusing on the levels of key organic acids, lactate, and acetate using high-performance liquid chromatography (HPLC; Supplementary Figure S2). In general, lactic acid was ten times more abundant than acetic acid in the growth media. When we statistically analyzed the concentration of lactate produced by the bacteria, there was no single species that was significantly different from the other group members, indicating that the production of organic acids and thereby glucose utilization is performed similarly under our conditions (Figures 3B,C) and cannot account for the differential carrying capacity.

To exclude that the differential response to fermentation is a result of different enzymatic activities of enzymes involved in the process, we studied in silico the presence of lactate dehydrogenase from different LAB strains. Alignment of LDH proteins from different Lactobacillaceae members (Supplementary Figure S3) indicated that LGG L. paracasei and L. casei have two groups of homologues LDH proteins with more than 90% identity. 16S rRNA gene sequence alignment showed that all species have at least 89% similarity, and the evolutionary closest species are LGG L. casei and L. paracasei based on 16S rRNA gene sequences. Therefore, the key differences revealed by growth analysis on fermentable sugars are despite the high evolutionary closeness of all five species.



Self-imposed acid stress in biofilm colonies of LAB species

To further study the differential response to fermentation in Lactobacillaceae, we examined the growth on a solid medium under static conditions [frequently correlated with biofilm formation (Povolotsky et al., 2021)], we assessed the colony morphology with the addition of glucose and raffinose (Figure 4A). In all strains, the application of glucose induced the formation of asymmetric, smaller, and morphologically different colonies. Raffinose did not induce the same morphological changes in colony structure, suggesting glucose metabolism has a role also in shaping the colony architecture (Figure 4A). Solid growth media from bacteria grown on TSB or TSB with raffinose had similar pH values of approximately 5.5 (Figure 4B; Supplementary Table S1). The addition of glucose to the growth media lowered the pH significantly suggesting that glucose induced fermentation in all tested strains under these conditions. To test whether acid stress is related to the alterations in colony morphology we monitored cell death using flow cytometry in the presence and absence of a buffering system. As shown, in all strains, with the exception of L. paracasei, the buffering system significantly enhanced the survival of the cells, and acid-dependent cell death during fermentation significantly varied between the strains (Figures 4C,D). The addition of a buffer also resulted in colony morphology comparable to the morphology of strains grown without glucose. While cell death was reduced, the buffer did not fully restore the viability of the cells within a colony but was sufficient to restore colony morphologies to those observed in a glucose-free solid medium (Figure 4A). These results may suggest that cell death on solid biofilm media primarily but not solely results from differential acid sensitivity, and that the alterations in biofilm formation capacities occur independently of cell counts.
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FIGURE 4
 Self-imposed acid stress has a role in the formation of structured microbial colonies. (A) Shown are the indicated biofilm colonies grown on TSB medium (control), TSB medium supplemented with glucose and raffinose (1% W/V), and TSB medium supplemented with glucose (1% W/V) + buffer. Biofilms were grown at 37°C in a CO2 enriched environment. Biofilm colonies were imaged at 72 h post inoculation. Scale bar = 2 mm. (B) Measurement of pH of the indicated species shown in A. Statistical analysis was performed using two-way ANOVA followed by Dunnett’s multiple comparison test. p < 0.05 was considered statistically significant. (C) Flow cytometry analysis of the number of dead cells of the indicated species shown in (A). Colonies were grown on TSB medium supplemented with glucose (1% W/V), and TSB medium supplemented with glucose (1% W/V) + buffer. Data were collected 72 h post inoculation; 100,000 cells were counted. Y-axis represents the % of dead cells, graphs represent mean ± SD from 3 independent experiments (n = 9). Statistical analysis was performed between glucose and glucose + buffer using unpaired two tailed t test with Welch’s correction. p < 0.05 was considered statistically significant. (D) Table showing multiple comparison tests between the dead cell populations of the indicated species grown in TSB medium supplemented with glucose (1% W/V). Statistical analysis was performed using Brown-Forsythe and Welch’s ANOVA with Dunnett’s T3 multiple comparisons test. p < 0.05 was considered statistically significant.




Glucose acts as a broad-spectrum regulator of aggregation and adhesion properties while raffinose specifically affects Lactiplantibacillus plantarum and Lactiplantibacillus acidophilus

To better assess the level of changes on the single-cell level we grew the bacteria on solid growth media (TSB), TSB with glucose, and TSB with raffinose in the presence and absence of a buffering system. Colony cells grown without glucose are rod-shaped, divide normally, and are arranged in short chains (Figure 5A). While all the species looked similar in TSB, glucose-induced noticeable alterations in the morphology of LGG and L. paracasei cells were consistent with the observed alterations in cell aggregation properties. Noticeable clumps were induced in both species, which also lost their characteristic elongated rod shape. Alteration in cell shape upon glucose treatment could be partially rescued with the application of buffer, supporting a differential response of probiotic bacteria to fermentation and its acidic products. Interestingly, alterations in cell clumping did not perfectly correlate with the response to acid stress as judged by cell growth as LGG had pronounceable growth upon utilization of glucose, while L. paracasei failed to increase it carrying capacity with glucose. To further assess whether alterations in cell properties account for the differential colony morphology, we used imaging flow cytometry (Narayana et al., 2020; Maan et al., 2021). While imaging flow cytometry was sporadically used to monitor aggregation (Konieczny et al., 2021), it was never applied to probiotic bacteria.
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FIGURE 5
 Carbohydrates specifically regulate microbial aggregation. (A) Fluorescence microscope images of cells from biofilm colonies that were grown on TSB medium (control), TSB medium supplemented with glucose and raffinose (1% W/V), and TSB medium supplemented with glucose (1% W/V) + buffer. Cells were stained using Green-membrane stain FM™ 1–43FX. Biofilms were grown at 37° C in CO2 enriched environment. Cells were imaged at 72 h post inoculation. The images represent 3 independent experiments, from each repeat at least 10 fields examined. Scale bar = 2 μm. (B) Imaging Flow cytometry analysis of the number of aggregation events, population of the indicated species and (C) aggregate size-the mean of measured area of bacterial aggregates population. Cells were grown in liquid TSB medium supplemented with glucose (1% W/V), raffinose (1% W/V), and TSB medium supplemented with glucose (1% W/V) + buffer. Data were collected from overnight culture, and 20,000 cells were counted. Y-axis represents the % of aggregate events or area mean, and graphs represent mean ± SD from 2 independent experiments (n = 6). Statistical analysis was performed using Brown-Forsythe and Welch’s ANOVA with Dunnett’s T3 multiple comparisons test. p < 0.05 was considered statistically significant.


For each bacterium, we could easily differentiate between single cells and small aggregates vs. larger aggregates (Supplementary Figures S4–S9), and to confirm with high accuracy the % of aggregation evens out of the total measured events. As each bacterium has different aggregation properties, the population of aggregates was determent based on the area value. In LGG, L. paracasei and B. coagulans we could not fully separate aggregates from bacterial chains. Our results indicated (Figures 5B,C) that LAB strains greatly differ in their basal aggregation properties as judged by the portion of the population capable to aggregate and the average size of the observed aggregates (Figure 5B; Supplementary Figures S4–S9). Overall, the frequency of aggregation properties (Figure 5B) was more in response to the carbohydrate’s composition than the size of the aggregate (Figure 5C) which was an intrinsic property of the probiotic strain. Glucose (but not raffinose) significantly induced aggregation in all Lactobacillaceae strains, except for L. acidophilus, in which both glucose and raffinose induced aggregation. For B. coagulans, neither glucose nor raffinose affects the formation of aggregates (Figure 5B), indicating that carbohydrate-driven aggregation is a unifying response in Lactobacillaceae that preferentially occurs with glucose. This carbohydrate-driven aggregation was not rescued with buffering, consistent with the partial effect of buffering on cell death within biofilm colonies and the 3D structure of the colonies (Figure 4).

In a host, LAB strains must adhere to the host’s tissue, frequently adhering to mucins. Therefore, we tested whether the overall changes in the adhesive properties of LAB strains and, in particular, a specific response to glucose but not raffinose were observed in LGG. Interestingly, raffinose was an efficient inducer of adhesion for L. plantarum. The basal level of adhesion to mucin primarily differed between LAB strains, as did aggregation (Figure 6). The effect of buffering on glucose-dependent adhesion was insignificant, indicating that adhesion is not triggered by the acidification of the medium but is a specific carbohydrate-mediated response.

[image: Figure 6]

FIGURE 6
 Glucose but not acid stress promotes adhesion to mucin. Adherence of the indicated species to porcine mucin in a microtiter plate. (A) LGG. (B) L. casei. (C) L. acidophilus (D) L. paracasei. (E) L. plantarum (F) B. coagulans Y-axis represents the number of bacteria adherent to mucin by CFU/ml, graphs represent mean ± SD from 2 independent experiments (n = 6). Statistical analysis was performed using Brown-Forsythe and Welch’s ANOVA with Dunnett’s T3 multiple comparisons test. p < 0.05 was considered statistically significant.





Discussion

Probiotic bacteria are considered a means for microbiota modulation, along with nutrition, personal hygiene, and lifestyle (Spor et al., 2011). Probiotics are found to have a beneficial effect on the consumer in the prevention of antibiotic-associated diarrhea and acute infectious diarrhea, treatment of inflammatory bowel disease (Saez-lara et al., 2015), and other gastric disorders (O’Mahony et al., 2005). Lactobacillaceae are widely used probiotic bacteria, represented in most fermented products and supplements. Probiotic performance in the gut is dependent on nutrient composition and availability (Singh et al., 2017). Positive effects on probiotics proliferation and beneficial effects on the host have been associated with prebiotic consumption. For example, it was shown that the addition of raffinose and L. acidophilus to the diet of rats decreases their body weight and increases the concentration of L. acidophilus in the gut (1-s2.0-S027153179600231X-main). However, the responses of single LAB strains to their acidic fermentation products may vary and contribute to their physiological responses to carbohydrates.

Therefore, we systematically compared five different LAB species for their response to the utilization of glucose and raffinose model sugars. We found that glucose utilization has a general role in shaping the colony morphology under static conditions, as all species exhibit morphological colony changes upon glucose treatment. Similarly, medium acidification was generally similar during static growth (Figure 4B) and comparable for all Lactobacillaceae during planktonic growth (Figure 2). For all tested species, the final product of glucose utilization and fermentation (occurring under microaerophilic conditions) was almost exclusively the organic acid lactate alongside acetate. Analyses of the fermentation capacities of the different species revealed similar fermentation efficiencies. Lactic and acetic acid concentrations and the pH of the growth medium were all similar and stable among the different species (Figures 3,4B). In agreement, the alignment of lactate dehydrogenase proteins revealed that LGG, L. paracasei, and L. casei have two groups of almost identical protein homologs with more than 90 % identity between the different species (Supplementary Figure S3). This indicates that differential utilization of glucose may not account for the differential carrying capacities of the cultures in the presence of glucose.

Contrary to glucose utilization, organic acid accumulation, and medium acidification, which are comparable between strains, the carrying capacity of the culture is differentially enhanced during the planktonic growth of Lactobacillaceae. While LGG, L. acidophilus L. casei and L. plantarum doubled the carrying capacity following exposure to glucose exposure, L. paracasei had no noticeable growth induction with glucose. Interestingly, the capacity of LAB strains to utilize glucose, raffinose, mannose, and xylose for planktonic growth differed significantly (Figures 1,2, Supplementary Figure S1). A detailed analysis of the microbial growth reflected that carbon utilization is unintuitively inert to the growth rate, and does not affect the lag phase (Figure 2). Rather, it allows the bacterial community to reach a significantly higher carrying capacity that may account for changes in their proportions in the GI.

Acid stress in Lactobacillaceae is self-imposed stress, and, thus, LAB is relatively acid-tolerant, and employs several mechanisms to regulate the homeostasis of the pH level (De Angelis and Gobbetti, 2004). The mechanisms generally include the removal of protons or alkalization of the environment via ammonia production through arginine deiminase (ADI; Costa, 2002). In addition, glutamic acid decarboxylase (GAD) catalyzes the decarboxylation of glutamate into gamma-aminobutyric acid (GABA), which results in the alkalization of the cytoplasmic pH due to the removal of protons (Gobbetti et al., 2010). Lastly, the urease system allows the hydrolysis of urea, which enhances the survival of LAB under acid stress conditions by the production of NH3. The urease operon was found to be positively regulated under low pH levels in the LAB Streptococcus salivarius (Huang et al., 2014). The F-ATPase system is another mechanism that protects LAB from acid damage. Overall, probiotic acid-tolerant species are of great value as additional encapsulation to ensure survival to transit through the acidic stomach. As the survival of LAB during acid stress is quite heterogeneous the expression of these systems during self-imposed acid stress and, in the stomach, needs to be properly evaluated while selecting formulating probiotics. Alternatively, food carriers with high buffering potential to aid gastric transit and ensure that viable cells reach the small intestine may contribute to assure a beneficial effect on the host. For example, our results indicate that L. paracasei in liquid (Figure 1) and L. acidophilus (Figure 4) grown on a solid medium exhibit poor acid tolerance during self-imposed acid stress. One immediate application of our findings for L. paracasei in solution (Figure 1) and L. acidophilus (Figure 4C) is that the probiotic performance of these strains in the gut is dependent on the availability of a suitable buffering system.

In the gut, acid-sensitive species are protected from the acidic pH of the stomach (2–4) because of the buffering properties of food, which depend on the type of food and its volume (Simonian et al., 2005; Papadimitriou et al., 2015). In parallel, self-imposed acid stress from the accumulation of organic acids following the utilization of carbohydrates may affect the performance of the ingested bacterial species. Interestingly, buffering of the colonies restored the glucose-free morphology of all strains, indicating that acid stress is involved in biofilm formation throughout the Firmicutes phylum directly or indirectly. The addition of a buffering system to the growth media of bacteria grown in the presence of glucose increased the survival of most species significantly. However, while cell death was decreased with buffering, it was still significantly higher with glucose compared with non-glucose conditions (Figure 4C). Thus, the glucose-induced change in colony morphology may be reflective of a complex adaptation and biofilm regulation, rather than a simple reflection of cell density.

Our results, observed in all LAB strains are consistent with recent findings that the stress protein Hsp plays an important role in shaping colony morphology under acidic pH in a single specie: L. plantarum (Rajasekharan and Shemesh, 2022). While glucose utilization capacities and medium acidification under our conditions were similar, the enhancement of carrying capacity (Figure 2), carbohydrate-mediated cell death within the colony (Figure 4C), and the adaptation to glucose utilization, are reflected by enhanced aggregation properties (Figure 5) varied dramatically between the tested species. The observed alterations in cell shape and aggregation properties may indicate an independent adaption to fermentable carbohydrates (for example, a change in surface proteome) and not a direct reflection of acid stress as they poorly responded to buffering.

Changes in the surface proteome (Savijoki et al., 2019), quorum sensing (Di Cagno et al., 2011), and the activation of differential target genes of the stressosome (Papadimitriou et al., 2016) may differ between LAB strains. These results are consistent with pH independent changes in the aggregation and adhesion properties of the LAB strains tested with glucose. Raffinose was an efficient inducer of aggregation of L. acidophilus (Figure 5B) and adhesion of L. plantarum (Figure 6). These exceptions indicate that specific response to carbohydrates as mediators of cellular adhesive properties is not limited to glucose or highly fermentable sugars and that additional layers of carbohydrate-responsive adhesins/cell envelope components evolved in the microbiome. While the exact regulations remain to be determined, our results indicate that the overall physiological response to carbohydrate metabolism and self-imposed acid stress is not a mere reflection of microbial growth.



Materials and methods


Strains, media, and imaging

Lactobacillus acidophilus ATCC 4356, Lacticaseibacillus casei ATCC 393, Lacticaseibacillus casei subsp. paracasei ATCC BAA-52, Lactiplantibacillus plantarum ATCC 8014, and Lacticaseibacillus rhamnosus GG ATCC 53103 probiotic strains were used in the study. Bacillus coagulans ATCC 10545 was used as a control. A single colony of Lactobacillaceae was isolated on a solid deMan, Rogosa, Sharpe Agar (MRS) plate, inoculated into 5 ml MRS broth (Difco, Le Pont de Claix, France), and grown at 37°C, without shaking overnight. A single colony of Bacillus coagulans isolated on a solid LB agar plate was inoculated into 5 ml LB broth (Difco) and grown at 37°C, with shaking overnight. For biofilm colonies, these cultures were inoculated into a solid medium (1.5% agar) containing 50% Tryptic soy broth (TSB), TSB supplemented with (1% w/v) D-(+) - glucose (1% w/v) D-(+)- raffinose or (1% w/v) D-(+)- mannose or (1% w/v) D-(+)-Xylose or with (1% w/v) D-(+) - glucose buffered with MOPS (3-(N-morpholino)propane-sulfonic acid) and potassium phosphate buffer. The bacteria were incubated in a BD GasPak EZ - Incubation Container with BD GasPak EZ CO2 Container System Sachets (260679; Becton, Sparks, MD, United States), for 72 h at 37°C. The colony images were taken using a Stereo Discovery V20″ microscope (Tochigi, Japan) with objectives Plan Apo S × 1.0 FWD 60 mm (Zeiss, Goettingen, Germany) attached to a high-resolution microscopy Axiocam camera. Data were created and processed using Axiovision suite software (Zeiss). For planktonic growth, the bacterial cultures were inoculated into a liquid medium of 50% TSB with different sugars as described above, and incubated for 24 h, at 37°C.



Growth measurement and analysis

Cultured cells grown overnight were diluted 1:100 in 200 μl liquid medium contains 50% TSB (BD), TSB supplemented with (1% w/v) D-(+)- glucose, (1% w/v) D-(+)- raffinose or (1% w/v) D-(+)- mannose or (1% w/v) D-(+)-Xylose in a 96-well microplate (Thermo Scientific, Roskilde, Denmark). Cells were grown with agitation at 37°C for 18 h in a microplate reader (Tecan, Männedorf, Switzerland), and the optical density at 600 nm (OD600) was measured every 30 min. Maximum OD, growth rate, and lag time calculation were performed with GrowthRates 3.0 software.



Fluorescence microscopy

A bacterial colony grown as described above was suspended in 200 μl 1x Phosphate-Buffered Saline (PBS), and dispersed by pipetting. Samples were centrifuged briefly, pelleted, and re-suspended in 5 μl of 1x PBS supplemented with the membrane stain FM1-43 (Molecular Probes, Eugene, OR, United States) at 1 μg/ml. These cells were placed on a microscope slide and covered with a poly-L-Lysine (Sigma) treated coverslip. The cells were observed by Axio microscope (Zeiss, Germany). Images were analyzed by Zen-10 software (Zeiss).



pH measurements

After inoculation in different liquid mediums and 24 h incubation (without shaking) at 37°C, the cells were separated from the medium by centrifugation (4,000 × g, 20 min) followed by filtration through a 0.22 μm. The conditioned media acidity was measured by the pH meter (Mettler Toledo). pH measurements of the solid media were done using pH-indicator strips (MQuant®, Merck KGaA, Darmstadt, Germany).



Determination of organic acids

The supernatant of the bacteria grown on a defined medium-MSgg with 1% glucose for 24 h was filtered through 0.22 μm filter membranes for HPLC analysis. The contents of organic acids in each liquid sample were determined using an Infinity 1260 (Agilant Technologies, Santa Clara, CA, United States) HPLC system with C 18 column (Syncronis™ C18 Columns, 4.6 × 250 mm, 5 μm). Mobile phase A was acetonitrile and mobile phase B was 5-mM KH2PO4 pH 2.4. The flow rate was kept constant at 1 ml/min, with ultraviolet detection performed at 210 nm. The injection volume was 20 μl and the column temperature was maintained at 30°C. Identification and quantification of organic acids were accomplished by comparing the retention times and areas with those of pure standards.

Notably, although quantification of organic acids in TSB was not feasible due to the high background, the comparable acidity strongly indicates similar fermentation capacities of the strains tested in rich growth media.



Flow cytometry analysis

Starter cultures were spotted on TSB with glucose or TSB with glucose buffered with MOPS and potassium phosphate buffer. The plates were then incubated as mentioned in the first section. Colonies were harvested after 72 h and separated with mild sonication. Samples were diluted in PBS and measured using an LSR-II new cytometer (Becton Dickinson, San Jose, CA, United States). PI (Propidium Iodide, 20 Mm, Invitrogen™) fluorescence was measured using laser excitation of 488 nm, coupled with 600 LP and 610/20 sequential filters. A total of 100,000 cells were counted for each sample and flow cytometry analyses were performed using BD FACSDiva software.



Imaging flow cytometry for aggregation

Strains were grown in different liquid mediums for overnight incubation (without shaking) at 37°C. Data were acquired by ImageStreamX Mark II (AMNIS, Austin, TX) using a 60× lens (NA = 0.9). The laser used was 785 nm (5 mW) for side scatter measurement. During acquisition, bacterial cells were gated according to their area (in square microns) and side scatter, which excluded the calibration beads (that run in the instrument along with the sample). For each sample, 20,000 events were collected. Data were analyzed using IDEAS 6.2 (AMNIS). Focused events were selected by the Gradient RMS, a measurement of image contrast. Singlets and small aggregates events vs. larger microbial aggregates and chain events were selected according to their area (in square microns) and aspect ratio (width divided by the length of the best fit ellipse) of the bright filed image. Aggregate event populations were determined for each bacterium, from an Area value of 55 for LGG, 25 for L. casei, 27 for L. acidophilus, 68 for L. paracasei, 24 for L. plantarum and 35 for B. coagulans (Supplementary Figures S4–S9). The size of the population of the aggregate event was quantified using the Area feature (the number of microns squared in a mask, in μm2) of the brightfield image.



Mucin adhesion assay

Strains were assayed for adhesion to mucin in 96-well microtiter plates under sterile conditions. Plates were coated with 100 μl of 10 mg/ml porcine Mucin Type || (Sigma-Aldrich) in sterile Dulbecco’s phosphate-buffered saline (PBS) at 4°C overnight. Wells were washed twice with sterile PBS to remove unbound mucin. Strains were grown in different liquid mediums for overnight incubation (without shaking) at 37°C. The cells grown overnight were harvested by centrifugation (10,000 × g for 2 min at 4°C) and the bacterial cells were resuspended in sterile PBS and adjusted to the optical density (OD600) of 0.5. 100 μl of each strain was added to respective wells and allowed to adhere for 2 h at 37°C. Un-adhered bacterial cells were then withdrawn, and wells were washed 3 times with 100 μl sterile PBS each. Adhered cells were released by treatment with 100 μl 0.1% (v/v) Triton X-100 in sterile PBS for 30 min at 37°C. The released bacterial cells were plated after appropriate dilution on MRS agar, and enumeration was carried out following 48-h incubation at 37°C.



Protein alignment, phylogenetic tree

A phylogenetic tree was built based on 16S rRNA bacterial gene sequences and multiple alignment sequences of LDH proteins was performed using Clustal Omega.1



Statistical analysis

All experiments were performed at least three separate and independent times in triplicate unless stated otherwise. Statistical analyses were performed with GraphPad Prism 9.0 (GraphPad 234 Software, Inc., San Diego, CA). Relevant statistical tests are mentioned in the indicated legends of the figures.
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In order to develop strategies for preventing biofilm formation in the dairy industry, a deeper understanding of the interaction between different species during biofilm formation is necessary. Bacterial strains of the P. fluorescens group are known as the most important biofilm-formers on the surface of dairy processing equipment that may attract and/or shelter other spoilage or pathogenic bacteria. The present study used different strains of the P. fluorescens group as background microbiota of milk, and evaluated their interaction with Staphylococcus aureus, Bacillus cereus, Escherichia coli O157:H7, and Salmonella Typhimurium during dual-species biofilm formation on stainless steel surfaces. Two separate scenarios for dual-species biofilms were considered: concurrent inoculation of Pseudomonas and pathogen (CI), and delayed inoculation of pathogen to the pre-formed Pseudomonas biofilm (DI). The gram-positive pathogens used in this study did not form dual-species biofilms with P. fluorescens strains unless they were simultaneously inoculated with Pseudomonas strains. E. coli O157:H7 was able to form dual-species biofilms with all seven P. fluorescens group strains, both in concurrent (CI) and delayed (DI) inoculation. However, the percentage of contribution varied depending on the P. fluorescens strains and the inoculation scenario. S. Typhimurium contributed to biofilm formation with all seven P. fluorescens group strains under the CI scenario, with varying degrees of contribution. However, under the DI scenario, S. Typhimurium did not contribute to the biofilm formed by three of the seven P. fluorescens group strains. Overall, these are the first results to illustrate that the strains within the P. fluorescens group have significant differences in the formation of mono-or dual-species biofilms with pathogenic bacteria. Furthermore, the possibility of forming dual-species biofilms with pathogens depends on whether the pathogens form the biofilm simultaneously with the P. fluorescens group strains or whether these strains have already formed a biofilm.
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 Biofilm, Pseudomonas fluorescens, Staphylococcus aureus, Bacillus cereus, Escherichia coli O157:H7, Salmonella Typhimurium


Introduction

More than 50 validly named species and a large number of unclassified isolates make up Pseudomonas fluorescens complex group, one of the most diverse groups within the Pseudomonas genus (Mulet et al., 2010; Gomila et al., 2015; Garrido-Sanz et al., 2016). There are nine subgroups within this complex group, including P. fluorescens, P. jessenii, P. fragi, P. gessardii, P. corrugata, P. chlororaphis, P. mandelii, P. koreensis and P. protegens (Garrido-Sanz et al., 2016). Bacterial strains of the P. fluorescens group are among the most important spoilage bacteria in milk and dairy products, and have been frequently isolated from fresh milk and cheese (Wang and Jayarao, 2001; De Jonghe et al., 2011; Martin et al., 2011; Carrascosa et al., 2015). Their ability to grow at low temperatures allows them to outgrow other bacteria in cold raw milk (Fricker et al., 2011; von Neubeck et al., 2015; Meng et al., 2017). Furthermore, P. fluorescens group strains have also been reported to cause repeat and sporadic post-pasteurization contamination, which results in shorter shelf life for pasteurized milk (Reichler et al., 2018).

P. fluorescens group bacterial strains are important in the dairy industry not only because of their heat-resistant enzymes, but also because of their ability to adhere to and from biofilms on the surface of milk tanks and other dairy processing equipment (Shpigel et al., 2015; Stoeckel et al., 2016). They are therefore able to withstand harsh conditions such as cleaning-in-place (CIP) processes, allowing them to remain within the dairy processing plant for extended periods of time (Cherif-Antar et al., 2016). Aside from contaminating subsequent batches of milk passing the biofilm region, Pseudomonas biofilms may also attract and/or provide shelter for other (spoilage or pathogenic) bacteria.

Biofilm formation by spoilage and pathogenic bacteria is a serious concern in the dairy industry, and hence has received much attention. A variety of different spoilage and pathogenic bacteria are known to attach to the internal stainless steel surfaces of the raw milk storage tanks and pipelines, where they can grow and form mono-or multi-species biofilms (Austin and Bergeron, 1995; Sharma and Anand, 2002; Latorre et al., 2010; Marchand et al., 2012; Anand et al., 2014; Cherif-Antar et al., 2016). Although biofilms in the dairy industry are more likely to be formed by spoilage bacteria (due to the higher population), pathogenic bacteria may also participate in the biofilm formation process, which may result in dual-or multi-species biofilms (Shi and Zhu, 2009; van Houdt and Michiels, 2010; Schirmer et al., 2013; Makovcova et al., 2017). In such cases, the cooperative interspecies interactions within dual-or multi-species biofilms are likely increase their resistance to adverse conditions compared to single-species biofilms. On the contrary, interspecific competition may occur and cause antagonistic effects (Yang et al., 2011; Elias and Banin, 2012; Rendueles and Ghigo, 2012; Liu et al., 2016).

To our knowledge, there is no information on the interaction between P. fluorescens group strains and bacterial pathogens from different genera during biofilm formation. Hence, in the present study, we used different strains of the P. fluorescens complex group as background microbiota of milk and evaluated their interaction with Staphylococcus aureus, Bacillus cereus, Escherichia coli O157:H7, and Salmonella Typhimurium during dual-species biofilm formation on stainless steel surfaces. We considered two separate scenarios for dual-species biofilms; (i) concurrent inoculation of Pseudomonas and the pathogen, and (ii) delayed inoculation of the pathogen to the pre-formed Pseudomonas biofilm.



Materials and methods


Bacterial strains and culture conditions

This study used P. fluorescens ATCC 13525, six other P. fluorescens group bacterial strains previously isolated from cold raw milk: P. fluorescens 5a, P. fluorescens 21c, P. fluorescens 68a, P. veronii 25d, P. cedrina 69a, and P. simiae 77a (Zarei et al., 2020). S. aureus (ATCC 25923), B. cereus (PTCC 1154), E. coli O157:H7 (ATCC 43895), and S. Typhimurium (ATCC 14028) were also used in this study. Stock cultures of bacterial strains were stored at-70°C in Tryptic Soy Broth (TSB; Merck, Germany) supplemented with 25% (v/v) sterile glycerol (Merck, Germany). Bacterial strains were first activated by two successive transfers in TSB at 30°C for 48 h. To prepare the inoculum, 0.1 ml of activated culture was added to 10 ml of ultra-high temperature (UHT) milk (3.79% protein and 1.5% fat), and incubated at 30°C for 48 h. Commercial UHT milk from the same batch was used for all experiments throughout the study.



Biofilm formation on stainless steel surfaces


Single-species biofilm

To evaluate the ability of individual Pseudomonas strains and the pathogenic bacteria to produce a biofilm on stainless steel surfaces, overnight cultures of each strain were diluted to the final concentration of 106 CFU/ml in UHT milk. The inoculated UHT milk (2 ml) was added to 12-well plates containing 1 × 1 cm stainless steel coupons (AISI 304, 2B, Norsk Stål AS, Norway), and incubated at 7°C for 48 h before quantifying the biofilm.



Dual-species biofilms

Each of the seven Pseudomonas strains was tested in dual-culture with each individual pathogen. The individual strain cultures were added to UHT milk and combined to contain approximately 106 CFU/ml of each strain.

To investigate dual-species biofilms, two scenarios were considered. In the first scenario, an individual strain of Pseudomonas and the pathogen were inoculated concurrently (106 CFU/ml of each strain) in UHT milk samples, and the formation of dual-species biofilms was evaluated. To achieve this, (hereinafter referred to as concurrent inoculation; CI), the combined dual-cultures in UHT milk (2 ml) were added to 12-well plates containing 1 × 1 cm stainless steel coupons, and incubated at 7°C for 48 h before quantifying the biofilm.

In the second scenario, the possibility of the pathogen being added to the pre-formed Pseudomonas biofilms was evaluated. For this scenario, (hereinafter referred to as delayed inoculation; DI), the UHT milk inoculated with 106 CFU/ml of each individual Pseudomonas strain was added to 12-well plates containing stainless steel coupons, and incubated at 7°C. After 48 h of incubation, the wells were drained and replaced with 2 ml of UHT milk containing 106 CFU/ml of each individual pathogen. The plates were then incubated for another 48 h before quantifying the biofilm.



Biofilm quantification

At the end of the incubation period, the wells were drained and the plates were gently washed three times by adding sterile dH2O (2 ml) to the coupon wells, followed by swirling of the plates and pipetting to remove non-attached bacteria. Biofilm cells were scraped into 1 ml of physiological saline solution using a cell scraper, and resuspended by vigorous pipetting for 15 s. Serial decimal dilutions of the cells were plated onto Tryptic Soy Agar (TSA) plates, and colonies were counted after 36 h of incubation at 30°C (Zarei et al., 2020).



Bacterial contribution to biofilm communities

To determine the percent contribution of bacterial strains to dual-species biofilms, all colonies within a zone of the TSA plates were selected and identified using KOH test, oxidase, and catalase tests, as shown in Table 1. The size of the zones for colony selection was adjusted to have approximately 30 colonies within the zone of TSA plates, with a total of 30–300 colonies (Heir et al., 2018).



TABLE 1 Identification key tests for differentiation of the colonies.
[image: Table1]



Statistical analysis

All experiments were replicated at least three times on different days. Results were analyzed using One-Way ANOVA (SPSS 20, SPSS Inc., Chicago, IL). The significance levels are expressed at a 95% confidence level (p ≤ 0.05) throughout.





Results


Single-species biofilms

Biofilm-forming ability of the selected strains of the P. fluorescens group and the pathogenic bacteria on stainless steel surfaces was evaluated in UHT milk. In general, after 48 h incubation at 7°C, the number of biofilm cells of the Pseudomonas strains was higher than the pathogens (p < 0.05). As shown in Figure 1, comparing Pseudomonas strains revealed that the highest number of biofilm cells on the stainless steel surfaces were from P. simiae 77a (5.89 ± 0.51 log CFU/cm2), and the lowest number was from P. cedrina 69a (3.66 ± 0.47 CFU/cm2). Among the pathogens, the highest and lowest number of biofilm cells were from S. aureus (2.87 ± 0.43 CFU/cm2) and E. coli O157:H7 (2.08 ± 0.31 CFU/cm2), respectively.

[image: Figure 1]

FIGURE 1
 Biofilm cell counts of the selected P. fluorescens group strains and the pathogenic bacteria in mono-species biofilms on stainless steel surfaces after 48 h of incubation in UHT milk at 7°C. Different letters indicate significant differences between the strains.




Dual-species biofilms


Pseudomonas fluorescens group strains and Staphylococcus aureus

Evaluating the formation of dual-species biofilm by different P. fluorescens group strains and S. aureus showed differences between P. fluorescens group strains within each scenario, and also between scenarios. In the CI scenario, S. aureus was found in six of the seven biofilms, with varying degrees of contribution. As shown in Figure 2, the highest contributions were observed with P. simiae 77a (24.3%) and P. veronii 25d (20.4%), while the lowest was observed with P. fluorescens 5a (3.6%). In this scenario, S. aureus did not contribute to the biofilm formed by P. fluorescens 21c. Additionally, there were significantly more dual-species biofilm cells with P. fluorescens ATCC 13525, P. fluorescens 68a, P. veronii 25d, and P. simiae 77a than in their single-species biofilms (p < 0.05; Figure 3). In contrast, S. aureus did not contribute to the structure of any biofilms in the DI scenario. Biofilms formed in pure cultures of P. fluorescens group strains did not differ significantly from those formed in the DI scenario in terms of the number of biofilm cells (p > 0.05; Figure 3).

[image: Figure 2]

FIGURE 2
 Contributions of different P. fluorescens group strains and S. aureus to dual-species biofilms on stainless steel surfaces under the CI scenario.


[image: Figure 3]

FIGURE 3
 Total number of biofilm cells in mono- and dual-species biofilms of the seven P. fluorescens group strains with S. aureus on stainless steel surfaces. PC: pure culture biofilms; CI: dual-species biofilms under the CI scenario; DI: dual-species biofilms under the DI scenario. For each P. fluorescens strain, different letters indicate significant differences in the total number of biofilm cells.




Pseudomonas fluorescens group strains and Bacillus cereus

As with S. aureus, B. cereus did not contribute to the biofilm formation in the DI scenario, and the total number of biofilm cells did not differ significantly from those formed in pure cultures of P. fluorescens group strains. In contrast, B. cereus contributed to five out of seven biofilms in the CI scenario. As shown in Figure 4, the highest contributions were observed with P. simiae 77a (19.4%) and P. veronii 25d (14.3%), while the lowest was observed with P. fluorescens 5a (6.9%); B. cereus did not contribute to the biofilm formed by P. fluorescens 21c and P. cedrina 69a. The total number of biofilm cells in dual-species biofilms with B. cereus and P. fluorescens ATCC 13525, P. fluorescens 5a, P. fluorescens 68a, P. veronii 25d and P. simiae 77a were significantly higher than those in the pure cultures of P. fluorescens group strains (p < 0.05; Figure 5).

[image: Figure 4]

FIGURE 4
 Contributions of different P. fluorescens group strains and B. cereus to dual-species biofilms on stainless steel surfaces in CI scenario.
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FIGURE 5
 Total number of biofilm cells in mono- and dual-species biofilms of the seven P. fluorescens group strains with B. cereus on stainless steel surfaces. PC: pure culture biofilms; CI: dual-species biofilms under the CI scenario; DI: dual-species biofilms under the DI scenario. For each P. fluorescens strain, different letters indicate significant differences in the total number of biofilm cells.




Pseudomonas fluorescens group strains and Escherichia coli O157:H7

Unlike the two gram-positive bacteria that did not contribute to the biofilm structure in the DI scenario, E. coli O157:H7 contributed to biofilm formation with all seven P. fluorescens group strains in both CI and DI scenarios, to varying degrees. As shown in Figure 6, the highest percent contribution was found with P. cedrina 69a (27.8 and 16.7% in the CI and DI scenarios, respectively), and the lowest was found with P. fluorescens 5a (2.1 and 4.7% in the CI and DI scenarios, respectively).

[image: Figure 6]

FIGURE 6
 Contributions of different P. fluorescens group strains and E. coli O157:H7 to dual-species biofilms on stainless steel surfaces under CI (A) and DI (B) scenarios.


In both scenarios, the total number of biofilm cells in dual-species biofilms with E. coli O157:H7 and P. fluorescens 68a, P. cedrina 69a and P. simiae 77a were significantly higher than those in pure cultures of P. fluorescens group strains (Figure 7; p < 0.05). For P. veronii 25d, the total number of biofilm cells in dual-species biofilms was significantly higher than in the pure culture (p < 0.05), but only in the CI scenario. No significant differences were observed between CI and DI scenarios in terms of the number of biofilm cells in dual-species biofilms of the seven P. fluorescens group strains with E. coli O157:H7 (p > 0.05; Figure 7).

[image: Figure 7]

FIGURE 7
 Total number of biofilm cells in mono-and dual-species biofilms of the seven P. fluorescens group strains with E. coli O157:H7 on stainless steel surfaces. PC: pure culture biofilms; CI: dual-species biofilms under the CI scenario; DI: dual-species biofilms under the DI scenario. For each P. fluorescens strain, different letters indicate significant differences in the total number of biofilm cells.




Pseudomonas fluorescens group strains and Salmonella Typhimurium

With S. Typhimurium, the situation was somewhat different from that of the other Gram-negative bacteria tested (E. coli O157:H7). S. Typhimurium contributed to biofilm formation with all seven P. fluorescens group strains in the CI scenario, to varying degrees. As shown in Figure 8A, the highest contribution was found with P. fluorescens 68a (25.2%), and the lowest was with P. fluorescens 5a (4.6%). However, in the DI scenario, S. Typhimurium did not contribute to the biofilm formed by P. fluorescens 5a, P. fluorescens 21c, or P. veronii 25d. It did contribute to dual-species biofilms with other P. fluorescens group strains, but to a lesser extent than in the CI scenario (Figure 8B).

[image: Figure 8]

FIGURE 8
 Contributions of different P. fluorescens strain groups and S. Typhimurium to dual-species biofilms on stainless steel surfaces under CI (A) and DI (B) scenarios.


As shown in Figure 9, in both scenarios the total numbers of biofilm cells in dual-species biofilms of P. fluorescens 5a, P. fluorescens 21c and P. veronii 25d were not significantly different from those in pure cultures of P. fluorescens group strains (p > 0.05). In contrast, the total number of biofilm cells in dual-species biofilms with S. Typhimurium and P. fluorescens 68a and P. cedrina 69a in the CI scenario were significantly higher than those in the DI scenario, and in pure cultures (p < 0.05). Furthermore, the total number of biofilm cells in dual-species biofilms with S. Typhimurium and P. fluorescens 13,525 and P. simiae 77a in the CI scenario were significantly higher than that in the DI scenario, and in the pure culture, respectively (p < 0.05).

[image: Figure 9]

FIGURE 9
 Total number of biofilm cells in mono- and dual-species biofilms of the seven P. fluorescens group strains with S. typhimurium on stainless steel surfaces. PC: pure culture biofilms; CI: dual-species biofilms under the CI scenario; DI: dual-species biofilms under the DI scenario. For each P. fluorescens strain, different letters indicate significant differences in the total number of biofilm cells.






Discussion

P. fluorescens group strains are among the bacteria most frequently isolated from surfaces in the food industry, and are characterized as quick and thick biofilm producers on various surfaces (Simoes et al., 2008; Mann and Wozniak, 2012; Marchand et al., 2012; Puga et al., 2016; Zarei et al., 2020). Results of the present study re-confirmed the high ability of these bacteria to produce biofilm on stainless steel surfaces. In general, at 7°C these bacteria produced more biofilm than the pathogenic strains tested, however the P. fluorescens strains differed significantly in their ability to produce biofilms on stainless steel surfaces in UHT milk. Previous research has highlighted strain diversity of the P. fluorescens group isolated from dairy products and raw milk in terms of blue pigment production and lipoproteolytic activity (Chierici et al., 2016; Longhi et al., 2022). Other differences in the proteolytic activity of P. fluorescence group strains have also been reported previously (Zarei et al., 2020).

The presence of spoilage and pathogenic bacteria in milk and dairy products is a worldwide problem that not only leads to shelf-life reduction and alteration of organoleptic properties, but is also related to many disease outbreaks. The coexistence and interactions between foodborne pathogens and resident background microbiota are likely to occur on the surface of milk tanks and other dairy processing equipment between sessile cells, particularly in biofilms. It has been well documented that most naturally occurring biofilms are composed of multiple bacterial species (Yannarell et al., 2019). Hence, in terms of pathogen densities in dual-or multi-species biofilms, interactions with background microbiota strains can have neutral, positive, or antagonistic effects (Langsrud et al., 2016; Møretrø and Langsrud, 2017; Heir et al., 2018). These interactions can protect bacteria from environmental stresses, and can also influence the growth and survival of the individual members of these microbial consortia (Røder et al., 2015; Sanchez-Vizuete et al., 2015; Møretrø and Langsrud, 2017; Papaioannou et al., 2018).

In the present study, the interactions between P. fluorescens group bacterial strains and S. aureus, B. cereus, E. coli O157:H7, and S. Typhimurium during dual-species biofilm formation on stainless steel surfaces in UHT milk were evaluated. Two scenarios (concurrent inoculation and delayed inoculation of pathogens) were examined to better understand the possibility of dual-species biofilm formation. Given that all experiments in this study were performed at 7°C, the predominance of the Pseudomonas population in biofilms in both scenarios was expected.

In dual-species biofilms with S. aureus, this pathogen was found in six of the seven biofilms, with varying degrees of contributions in the CI scenario, which revealed differences between various strains within the P. fluorescens group. Moreover, our findings indicated that although S. aureus could co-produce biofilms with P. fluorescens group bacterial strains, it could not be incorporated into the pre-formed biofilms. Almost the same results were observed for another gram-positive bacterium used in this study – B. cereus. This pathogen was found in five of the seven biofilms, also with varying degrees of contributions in the CI scenario, while it did not contribute to biofilm formation in the DI scenario. The metabolites secreted around the biofilm matrix of P. fluorescens group strains may have prevented these two gram-positive pathogens from entering the pre-formed biofilms. Insufficient places to attach to the surface can be another explanation for the lack of contribution of these two gram-positive bacteria to the biofilm formation in the DI scenario (Balaure and Grumezescu, 2020). Evidently, biofilm formation in the CI scenario was not hampered by this challenge, leading to dual-species biofilms. Simoes et al. (2008) demonstrated that dual-species biofilms of P. fluorescens and B. cereus were significantly more metabolically active than P. fluorescens mono-species biofilms. Furthermore, Davies and Marques (2011) found that the fatty acid cis-2-decenoic acid produced by Pseudomonas group strains yielded dispersion of biofilms formed by S. aureus.

In contrast to the two gram-positive bacteria, E. coli O157:H7 and S. Typhimurium formed dual-species biofilms with all seven strains of the P. fluorescens group in the CI scenario, and with seven (E. coli O157:H7) and four (S. Typhimurium) strains in the DI scenario. Nevertheless, for both pathogens, significant differences were observed between P. fluorescens group strains in both scenarios, indicating strong and weak competitor strains within the P. fluorescens group. It has been previously reported that the biofilm formation of E. coli O157:H7 increased in the presence of background microbiota of meat (Dourou et al., 2011). This might explain why E. coli O157:H7 had a higher percent contribution to biofilm formation in the CI scenario than the DI scenario.

Overall, this study provides the first demonstration of differences between strains of the P. fluorescens group in terms of the formation of mono-or dual-species biofilms with pathogenic bacteria. Moreover, the ability to produce dual-species biofilms with pathogenic bacteria depends on whether the pathogens form the biofilm simultaneously with the P. fluorescens group strains or whether P. fluorescens group strains have already formed a biofilm. Such differences between strains and the inoculation time makes comparison of the results difficult, but also highlights the complexity of bacterial interactions involving the strains of the P. fluorescens group that requires further understanding for improved control of biofilms in the dairy industry. This study also contributes to the understanding of the role of different strains of the P. fluorescens group in the ability of four important foodborne pathogens to establish, survive and persist in dairy processing premises.
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This study investigated the effect of protocatechuic aldehyde (PCA) on Vibrio parahaemolyticus biofilm formation and its effects on gene expression. Crystal violet assay, metabolic activity assay, and fluorescence experiments were used to evaluate the antibiofilm activities of PCA and to reveal its possible antibiofilm mechanisms using transcriptomic analysis. The results indicated that the minimum antibacterial concentration of PCA against V. parahaemolyticus was 300 μg/mL. PCA (9.375 μg/mL) inhibited biofilm generation and adhesion of the mature biofilm. PCA (75 μg/mL) significantly reduced the metabolic viability of V. parahaemolyticus, reduced polysaccharide production, and inhibited cell surface flagella-mediated swimming and aggregation phenotypes. Meanwhile, transcriptome analysis showed that the key genes of V. parahaemolyticus expressed under PCA (75 μg/mL) inhibition were mainly related to biofilm formation (pfkA, galE, narL, and oppA), polysaccharide production and adhesion (IF, fbpA, and yxeM), and motility (cheY, flrC, and fliA). By regulating these key genes, PCA reduced biofilm formation, suppressed polysaccharide production and transport, and prevented the adhesion of V. parahaemolyticus, thereby reducing the virulence of V. parahaemolyticus. This study demonstrated that protocatechuic aldehyde can be used to control V. parahaemolyticus biofilm to ensure food safety.
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Introduction

Vibrio, found in the global marine environment, includes V. alginolyticus, V. vulnificus, and V. parahaemolyticus (Mok et al., 2019). Among them, V. parahaemolyticus has become an important pathogen of sporadic, epidemic diarrhea and food poisoning in many areas, and is increasing yearly. Some pathogenic strains of V. parahaemolyticus causes bacterial diseases in fish, shrimp, and shellfish, resulting in a serious economic loss (Bauer et al., 2021).

The pathogenicity of V. parahaemolyticus is closely related to a variety of virulence factors, including the iron absorption system, lipopolysaccharides, proteases, outer membrane proteins, the adhesion factor type III secretion system, and the type VI secretion system (He et al., 2020; Puangpee and Suanyuk, 2021). Biofilms are an important survival and pathogenic mechanism of V. parahaemolyticus, which are difficult to remove (Hall-Stoodley et al., 2004). Biofilms are mainly composed of proteins and polysaccharides that resist adverse environmental factors (such as UV, pH, heavy metals, and phagocytosis) and reduce sensitivity to conventional antimicrobial agents (Wang et al., 2022).

The widespread use of prophylactic antibiotics (e.g., in aquaculture) leads to increased rates of pathogen resistance, rendering many antibiotics ineffective. Cells within mature biofilms may be more resistant to antimicrobials than cells in planktonic states (Bhardwaj et al., 2021).

Therefore, new approaches are needed to treat Vibrio diseases or to reduce antibiotic resistance in pathogenic bacteria (Ashrafudoulla et al., 2021). Many natural compounds, including herbs, synthetic and organic plant derivatives, biosynthetic nanocomposites such as citral (Faleye et al., 2021), essential oils (Smaoui et al., 2022), blueberry extract (Sun et al., 2020), eugenol (Ashrafudoulla et al., 2020), and cationic peptide chimeras (Ning et al., 2021), have shown significant effects on biofilms. Among them, the phenols have strong antibacterial activity and have been widely verified.

PCA is a non-toxic drug excipient, preservative, and food additive that can be isolated from the water extract of Salvia miltiorrhiza and some as fermentation products of bacteria (Chen et al., 2021). PCA has been identified with multiple roles, including antioxidant (Guo et al., 2017), anti-inflammatory (Jieke et al., 2021), antitumor (Kyoung-Ja et al., 2008), and antimicrobial properties. Studies have found that PCA has significant effects on Yersinia enterocolitica (Tian et al., 2021) and Ralstonia solanacearum (Shili et al., 2016).

However, the antibiofilm and antivirulence activity of PCA on V. parahaemolyticus have not been evaluated. In this study, we explored the ability of PCA to inhibit biofilm formation and clear mature biofilms by crystal violet experiment. The inhibitory effect of PCA on the invasion and pathogenicity of V. parahaemolyticus was also explored by measuring bacterial motility and observing the changes in biofilm extracellular polysaccharide and bacterial numbers using Zeiss fluorescence confocal microscopy. Finally, the effect of PCA on V. parahaemolyticus biofilm and its possible mechanism were explored by transcriptome analysis. These results revealed for the first time the ability of PCA to inhibit the biofilm formation of V. parahaemolyticus, expanding the antibacterial application of PCA as a natural antioxidant food additive.



Materials and methods


Bacterial strains and growth conditions

Vibrio parahaemolyticus ATCC17802 (Guangdong Institute of Microbiology) was used as a test bacterial pathogen in this study. The cells were cultured in Tryptic Soy Broth (TSB) (3% NaCl) (Guangdong HuanKai Microbial, China) for 8 h at 37°C and then resuspended through centrifugation (2,506 × g for 10 min) in 108 CFU/mL. Protocatechuic aldehyde (3,4-dihydroxybenzaldehyde, 98%) was purchased from Macklin (Shanghai, China) and the stock solutions were prepared using TSB or sterile water.



Vibrio parahaemolyticus growth curves with protocatechuic aldehyde treatment

The minimum inhibitory concentrations and minimum bactericidal concentrations at different PCA concentrations were calculated using twofold dilutions. The PCA concentrations ranged from 7.8 to 1,000 μg/mL (Shili et al., 2016). The bacterial suspension was prepared using a nutrient broth containing 3% NaCl to give 106 CFU/mL as a final concentration. The optical density was measured at 600 nm every 1 h for 24 h at 37°C using an automatic growth curve analyzer (Oy Growthcurves Ab Ltd.). The positive control was TSB (3% NaCl) with the bacterial suspension and without PCA. The negative control was an uninoculated TSB (3% NaCl).



Biofilm formation inhibition assay and clearance of mature biofilms

Crystal violet staining was used to evaluate biofilm formation (Wang et al., 2022). Briefly, 100 μL of bacterial suspension (106 CFU/mL) was seeded into 96-well plates with different concentrations of PCA (0, 9.375, 18.25, and 37.5 μg/mL) to form a biofilm. Inoculated or PCA-treated TSB (3% NaCl) was used as background. In addition, PCA (0, 9.375, 18.25, and 37.5 μg/mL) was added for 24 and 48 h. The scavenging effect of PCA on mature biofilms was detected as described by Qiao et al. (2021). The plate was incubated at 37°C for 24 h. Then, the plate was washed twice with sterile saline, dried for 30 min (25°C), stained with 200 μL of crystal violet (0.1% w/v), and incubated at 25°C for 20 min. Then, we washed the plate once with sterile saline. Subsequently, we added 200 μL of 33% (v/v) glacial acetic acid and measured the absorbance at 570 nm.



Biofilm metabolic activity

Vibrio parahaemolyticus biofilm metabolic activity was determined using MTT (Wang et al., 2010). After forming biofilms in 96-well plates for 72 h, a PBS wash was used to remove the loosely attached cells and planktonic cells (Liu et al., 2022). To each well, thiazole blue (MTT) [3,4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-2-H-tetrazolium bromide solution (5 mg/mL, prepared in sterile water) was added. The mixture was incubated at 37°C in the dark for 3 h. We then added 200 μL of dimethyl sulfoxide, incubated at 37°C for 30 min, and then measured the absorbance at 490 nm.



Extraction and quantification of exopolysaccharides

The extracellular polysaccharides in biofilms were determined using the phenol-sulfuric acid method (Cao et al., 2021). V. parahaemolyticus was treated with PCA at 37°C for 24 h. The cells were centrifuged (2,500 × g for 15 min), and the supernatant was separately mixed with a threefold volume of 95% (v/v) ethanol and precipitated at 4°C for 24 h. The mixture was then centrifuged to collect the precipitates (2,500 × g for 15 min). Then, 5% phenol and 90% H2SO4 were added to the precipitate, mixed, and placed in the dark for 1 h at 25°C. The final mixture was centrifuged at 9600 × g for 10 min, and the absorbance of the supernatant at 490 nm was measured.



Microscopy assay

The survival of V. parahaemolyticus under PCA inhibition was determined using a live/dead staining kit (Yu et al., 2022). Briefly, the PCA (0 and 75 μg/mL)-treated bacterial suspension was centrifuged (6,000 × g for 5 min), then 10 μL of NucGreen and EthD-III mix was added, and left in the dark for 15 min. Then the suspension was analyzed using a Zeiss fluorescence confocal microscopy (30×). Additionally, the bacterial suspension (200 μL, 106 CFU/mL) and PCA solution (200 μL) were added to the 8-well chamber slides (Bhardwaj et al., 2021). The final concentrations of PCA were 75 and 300 μg/mL. The mixture was incubated at 37°C for 48 h. Then slides were washed with PBS; FITC conA (20 μg/mL) was added and stained at 25°C in the dark (30 min). Finally, the slides were washed with PBS and visualized using a Zeiss fluorescence confocal microscope (10×). The image acquisition was performed using the ZEN software. The micrographs were analyzed using the ImageJ software to evaluate the biomass and the surface volume ratio of the biofilms (Lu et al., 2021).



Motility assay

For the swimming exercise test (Faleye et al., 2021), PCA was added to warm (45°C) TSB medium (15 mL) containing 0.3% (w/v) agar to obtain final concentrations of 0, 7.81, 15.625, 31.25, 150, and 300 μg/mL. A swarming exercise was performed using 15 mL of TSB medium containing 0.5% (w/v) agar. The plate was then dried for 1 h; then 5 μL of bacterial suspension (1 × 106 CFU/mL) was added to its center and incubated at 37°C for 12 h. The diameter of the bacterial movement zone was measured using a vernier caliper (mm), and pictures were taken with Gel DOCTM XR +. A medium without PCA was used as a control.



Transcriptome sequencing

Vibrio parahaemolyticus was treated with 75 μg/mL of PCA (B sample) or without PCA (A sample) as a control. Two samples of PCA were added to the logarithmic growth phase bacteria and shaken at 37°C and 150 rpm for 8 h. We extracted RNA using an RNA extraction kit (TIANGEN BIOTECH CO., Ltd.). Gene library sequencing was performed using the Illumina Hiseq platform, and quality screening was performed using FastQC (Zhang Q. et al., 2020). Reference genome alignments were performed at https://www.ncbi.nlm.nih.gov/nucleotide/CP014046.2 using Bowtie2. Differential expression analysis between the two groups of samples was performed with the DESeq2 R software package (1.16.1) [Sangon Biotech (Shanghai) Co., Ltd.] with a corrected P-value of 0.05 and an absolute fold change ≥ 2. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were further profiled using the cluster Profiler package.



Determination of gene expression using RT-qPCR

mRNA was extracted and transcribed into cDNA using an RNA extraction kit (Vazyme, Nanjing, China) and a reverse transcription kit (HiScript II Q RT Super Mix) (Vazyme) according to the kit instructions. Primer sequences (5′–3′) were designed with Primer software (Table 1). In a RT-qPCR reaction, the total volume was 20μL, which contained 0.6 μL of 10 μM of each primer F/R, 10 μL of SYBR Mix (Vazyme Biotech, Nanjing, China), 1 μL of cDNA template, and 7.8 μL of nuclease-free water. The temperature was first maintained at 95°C for 1 min in the qPCR reaction. Then, 40 cycles of temperature change at 95°C for 10 s, annealing at 55°C for 34 s, and extension at 72°C for 15 s were performed. Changes in the expression levels of target mRNAs were calculated using the 2–△△CT method (Zhang J. et al., 2020).


TABLE 1    The primers for the detection of Vibrio parahaemolyticus.
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Statistical analysis

The mean and standard deviation (SD) were calculated for triplicates. Differences between variables were tested for significance using SPSS. Standard curves and other figures were completed using Origin 2021, Graph 7, and ImageJ.




Results


Impact of protocatechuic aldehyde treatment on the viability of Vibrio parahaemolyticus

The ability of PCA to inhibit the growth of V. parahaemolyticus was determined. With an increase in PCA concentration, the inhibitory ability of PCA against V. parahaemolyticus gradually increased, and the growth of V. parahaemolyticus almost completely stopped at 1,000 μg/mL (Figure 1). Using SPSS software for analysis, compared with the control group, PCA concentration (300 μg/mL) had a remarkable inhibitory effect on V. parahaemolyticus. These results indicate that PCA dose-dependently inhibited the growth of V. parahaemolyticus.


[image: image]

FIGURE 1
OD growth curves of Vibrio parahaemolyticus in the presence of different PCA concentrations at 37°C. (A) PCA concentrations of 7.8–1,000 μg/mL. (B) PCA concentration of 250–400 μg/mL.




Biofilm generation

Vibrio parahaemolyticus is a typical bacterium that forms biofilms (Bhardwaj et al., 2021). The two main methods of processing biofilms are to prevent their formation or eliminate already formed biofilms (Faleye et al., 2021). Therefore, the ability of PCA to disrupt prefabricated biofilms and its ability to clear mature biofilms was investigated. At different PCA concentrations (9.375, 18.75, and 37.5 μg/mL), the biofilm formation rate decreased by 73, 80, and 83%, respectively, after 24 h and by 69.3, 73.3, and 87.4%, respectively after 48 h (Figure 2A). Under the action of PCA (37.5 μg/mL), the clearance rates of mature biofilms at 24 and 48 h reached 76.8 and 68% (Figure 2B), respectively. We speculate that PCA not only inhibits the formation of biofilms but also considerably inhibits the adhesion of bacterial.
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FIGURE 2
(A) Inhibitory effects of PCA at different concentrations on biofilm formation by Vibrio parahaemolyticus ATCC 17802. (B) Clearance of mature biofilms by different concentrations of PCA. The data are shown as means ± the Crystal violet of three independent experiments. Within each treatment, values marked with the same letter are not significantly different based on Duncan’s multiple-range test (p > 0.05).




Determination of the metabolic activity

We determined the metabolic capacity of the biofilm by measuring the metabolic activity of the cells in the biofilm (Liu et al., 2022). The intensity of the MTT releases positively correlated with cellular metabolic activity. After treatment with PCA, the cell metabolic activity increased by 23.8 and 63.5% at low PCA concentrations (9.37 and 18.75 μg/mL) (Figure 3). As shown in Figure 1, the number of bacteria did not increase at the concentration of 15.5 μg/mL compared with the control group. With an increase in PCA (75 μg/mL), the inhibitory effect on the metabolic activity of the biofilm of pathogenic bacteria increased continuously, and the metabolic activity decreased sharply by 88.59%. Then, the metabolic state of the bacteria remained stable.
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FIGURE 3
Inhibitory effects of PCA on the metabolic activity of Vibrio parahaemolyticus cells within biofilms. The data are shown as means ± the determination of MTT three independent experiments. Within each treatment, values marked with the same letter are not significantly different based on Duncan’s multiple-range test (p > 0.05).




Extracellular polysaccharide assay

EPSs are the major part of the biofilm and directly contribute to the properties of the biofilm, especially with their strong water-binding capacity. They usually account for more than 90% of the biofilm mass (Liu et al., 2022). We used the sulfate and phenol methods to measure the polysaccharide content for evaluating the effect of PCA on EPS production. As shown, the polysaccharide content in the V. parahaemolyticus biofilms decreased significantly in the presence of PCA. When PCA concentration increased from 37.5 to 75 μg/mL, the polysaccharide content decreased by 27.6, 44.3, and 48% (Figure 4). The amount of biofilm formed, the biofilm metabolic activity, and the amount of polysaccharide produced decreased significantly at 75 μg/mL.
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FIGURE 4
The effect of PCA on polysaccharide content in biofilm formed by Vibrio parahaemolyticus. The data are shown as means ± the polysaccharide three independent experiments. Within each treatment, values marked with the same letter are not significantly different based on Duncan’s multiple-range test (p > 0.05).




Mobility determination

During the initial phase of biofilm formation, movement of V. parahaemolyticus is critical for the attachment to host surfaces (Faleye et al., 2021). Loss of movement may affect bacterial adhesion, impairing biofilm formation (Zhu et al., 2020). As shown, PCA remarkably inhibited the swimming and swarming ability of V. parahaemolyticus at 75 μg/mL concentration (Figures 5C,D). Compared with the untreated cells, the swimming Bacterial colonies area (75 and 150 μg/mL) decreased by 81.4% (Figure 5B) and 93.1%, respectively. Meanwhile, the swarming Bacterial colonies area decreased by 56.9 and 73.7% (Figure 5A), respectively.
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FIGURE 5
Images of swarming motility (A) and swimming motility (B) of Vibrio parahaemolyticus treated with PCA at different concentrations. The swarming (C) and swimming (D) areas of Vibrio parahaemolyticus ATCC 17802 were measured. The data are shown as means ± the motility three independent experiments. Within each treatment, values marked with the same letter are not significantly different based on Duncan’s multiple-range test (p > 0.05).




Microscopy inspection

As shown in the control group, the bacteria were wrapped in large amounts of polysaccharides, forming a large biofilm structure with a thick membrane structure (Figures 6A,D). The number of dead bacteria increased after 48 h of treating the mature biofilms with a high concentration (300 μg/mL) of PCA. In addition, biofilm formation decreased by 83.5%, and the biofilms were dispersed with a substantial reduction in thickness. The fluorescence intensity in the three-dimensional optical microscopy images changed remarkably (Figures 6C,F; Lu et al., 2021).
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FIGURE 6
(A) The number of untreated dead and viable bacteria (40×). (B,C) The number of dead and viable bacteria treated with different PCA concentrations (75 and 150 μg/mL), green represents viable bacteria and red for dead bacteria. (A) The content and morphology of polysaccharides in the untreated biofilm, and the green distribution (B,C) indicate the polysaccharide content and morphology production in the biofilm treated under different PCA concentrations (75 and 150 μg/mL) (10×). (D–F) Fluorescence intensity of EPS in control and treated (75 and 150 μg/mL) biofilms.


The number of viable bacteria was remarkably lower than that of the dead bacteria accounting for 63.7% of the total bacteria (Figure 6C). Visual results obtained with a microscope indicate that PCA reduced the biofilm of V. parahaemolyticus accounting for 4% (Figure 6A; Shangguan et al., 2021). The polysaccharide matrix was considerably reduced in the biofilms formed at 75 μg/mL PCA concentration. The overall membrane structure was dispersed. The biofilm area decreased by 71%, and showed low thickness variation (Figures 6B,E). The number of viable bacteria decreased by 88% under PCA (75 μg/mL) inhibition (Figure 6B).



Transcriptome results and analysis

Global transcriptional analysis revealed a differential expression of 142 genes, approximately 8 h after exposure to 75 μg/mL PCA, with 63 genes upregulated and 79 genes downregulated. This mainly manifested in cell motility (Figure 7A), cell growth and death, signaling, and energy metabolism. Combined with the metabolic pathways provided by the KEGG database (Figure 7B). We found that the pathways significantly enriched in V. parahaemolyticus mainly included Carbohydrate metabolism, Amino acid metabolism, ABC transport process, Ribosome, Two-component system (i.e., not complete). Up-regulated or down-regulated genes are shown in Table 2.
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FIGURE 7
(A) The horizontal axis is the functional classification, and the vertical axis is the number of genes in the classification (right) and its percentage of the total number of annotated genes (left). Different colors represent different classifications. Light colors represent differential genes, and dark colors represent all genes. (B) The vertical axis in the figure represents the functional annotation information. The color of dots indicates the size of the q value, the smaller the q value the closer to red. The size of the dots indicates the number of differential genes included under each term, with larger points and more genes. (C) Heat map diagram of the log2FC value of the Vibrio parahaemolyticus for gene. The darker the color, the larger the log2FC value.



TABLE 2    Top 14% genes with significant expression from RNA sequencing.
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We analyzed the data by combining the metabolic pathways and GO annotations provided by the KEGG database. We found up-regulation of Nitrate/nitrite response regulator (narL) (Figure 7C) and down-regulation of ATP-dependent 6-phosphofructokinase (pfkA). Regulation of these two genes inhibited the expression of frdA and frdB, thereby regulating the two-component system and pentose phosphate pathway. Previous studies have found that inhibition of the bacterial two-component system (Cho and Sung-il, 2021) and pentose phosphate pathway (Kong et al., 2022) may promote carbohydrate intake and dephosphorylation of the phosphotransferase system. Kong et al. (2022) found that the inhibition of the pentose phosphate pathway may reduce the intracellular accumulation of carbohydrates such as glucose, thereby inhibiting bacterial exopolysaccharide synthesis and biofilm formation; Meanwhile, it may also reduce the efficiency of glucose transport, thereby destroying the energy metabolism of bacteria and inhibiting its cell viability.

After PCA was applied to V. parahaemolyticus, glycolysis and TCA cycle were also involved in the internal regulation of the bacteria. The up-regulation of isopropyl malate synthase (IMS) and alanine dehydrogenase (ald) affect acetyl-CoA formation, thereby regulating glycolysis and TCA cycle. In addition, the up-regulation of transcription factor glucose-6-phosphate 1 dehydrogenase (G6PD) promotes the conversion of NADP to NADPH. Tan et al. (2022) found that after antibiotic inhibition, internal carbon and nitrogen metabolism in V. parahaemolyticus is involved in the activation of bacterial glycolysis and TCA cycle to promote ATP accumulation, and the increase of NADPH maintains a stable cellular state and also promotes amino acid metabolism to enhance antibiotic tolerance. At the same time, we found that enoyl-CoA hydratase (paaF) and 3-hydroxyalkyl-CoA dehydrogenase (fadB) were up-regulated in V. parahaemolyticus, which may lead to enhanced tryptophan or β-alanine metabolism. Dukes et al. (2015) found that by promoting tryptophan or β-alanine metabolism, producing pyruvate and acetyl-CoA to activate mTOR, it would promote glycolysis and TCA cycle. However, this promotion of glycolysis and the TCA cycle by pyruvate and acetyl-CoA reaches a threshold (Yang et al., 2020).

The metabolism of amino acids in V. parahaemolyticus also changes after PCA inhibition. The down-regulation of L-ectoine synthase (ectC), aspartate kinase (lysC), cysteine synthetase (cysK), and asparagine synthetase (asnB) related genes involved in amino acid synthesis (Figure 7C) may result in the decreased amino acid synthesis of aspartic acid, glutamic acid, threonine, and cysteine. Down-regulation of small subunit ribosomal protein S18 (rpsR) also directly affects amino acid substitutions. In ribosomes, the small subunit ribosomal protein S15 (IF) responsible for adhesion and invasion is downregulated. At the same time, the iron (III) transport system substrate-binding protein (fbpA) and putative amino acid ABC transporter substrate-binding protein (yxeM) were also significantly down-regulated. In biofilm proteomics of V. parahaemolyticus, Guo et al. (2020) found that increased glutamate and threonine promoted the synthesis of extracellular proteins in biofilms and down-regulation of cysK gene may regulate the secretion of toxins by bacteria to inhibit the growth of neighboring cells. Zhu et al. (2020) found in their proteomic studies on V. parahaemolyticus that the ABC transport system is closely related to bacterial adhesion ability. Thereby down-regulation of genes related to the ABC transport system may hinder material transport and reduce bacterial adhesion and biofilm formation.

In addition, under the inhibition of PCA, the chemotaxis receptor response regulator (cheY) in the internal genes of V. parahaemolyticus was down-regulated, and cheY could directly inhibit Flageller motor switch adaptation. A gene associated with bacterial quorum sensing, oligopeptide transport system substrate-binding protein (oppA), was down-regulated. Upregulation of 5’-deoxynucleotides (yfbR) associated with eDNA synthesis in biofilms is upregulated. This can lead to reduced motility, adhesion, and biofilm production (Kong et al., 2020). Chang et al. (2020) found that cheY could modulate Flageller motor in bacteria, thereby affecting bacterial motility. Sun et al. (2022) hypothesized that quorum sensing may be involved in regulating pilus production to control biofilm generation. Renfei et al. (2019) and Wu et al. (2022) found that quorum-sensing regulators affect gene transcription in the lateral flagella of V. parahaemolyticus to regulate swarming movement. In general, PCA inhibits the biofilm of V. parahaemolyticus by regulating a variety of genes.



Validation of RNA-seq data by RT-qPCR

We screened biofilm-related genes by high-throughput sequencing and verified the reliability of the data by RT-qPCR. Four significantly decreased genes and one significantly increased gene were screened. The gene narL related to bacterial metabolism was up-regulated. The relative expression of this gene with values of 217% of the control group (Figure 3). The ABC transport system genes fbpA and yxeM related to biofilm clearance and production were down-regulated. rpsR gene related to amino acid synthesis was down-regulated. The bacterial growth-related gene ectC was down-regulated. The relative expression of these genes was significantly reduced with values of 1.4%, 13.5, 3.7, and 7.5% of the control group, respectively. These results demonstrated that 75 μg/mL PCA could effectively inhibit the biofilm formation of V. parahaemolyticus.




Discussion

It is important to control V. parahaemolyticus in the global outbreak of diseases and contaminated food. In recent years, the antibacterial ability of many natural antibacterial substances has been investigated. Cinnamaldehyde and some of its derivatives have been found to inhibit biofilm formation and motility, and quorum sensing-related virulence gene expression in V. parahaemolyticus (Faleye et al., 2021). Citral can effectively inhibit the adhesion ability and flagellar biosynthesis of V. parahaemolyticus (Yi et al., 2019). Tea polyphenols have been found to reduce the immune capacity of V. parahaemolyticus and improve the vibrio resistance of shrimp (Qin et al., 2021). As a kind of polyphenol, the application of PCA effectively reduced the incidence of bacterial wilt, and the control effect was up to 92.01% after 9 days of inoculation (Shili et al., 2016). Tian et al. (2021) showed that PCA could cause morphological changes in Yersinia enterocolitica, destroy intracellular ATP and pH, and significantly inhibit the growth of the bacteria. However, the inhibitory effect of PCA on V. parahaemolyticus has not been studied. We investigated the inhibitory effect of PCA on V. parahaemolyticus biofilm and its mechanism.

The results showed that the polysaccharide content was significantly reduced by 48%, the biofilm clearance rate reached 78% (Figure 4), and the biofilm thickness became increasingly thinner (Figures 6D–F), and moved from a large structure to a dispersed structure (Figures 6A–C). Probably through inhibition of carbohydrate uptake and phosphorylation (pfkA, galE, and narL) (Kong et al., 2020), PCA reduces exopolysaccharide secretion in V. parahaemolyticus, affecting bacterial surface adhesion and virulence (Hwang et al., 2012). At the same time, PCA inhibits biofilm adhesion and reduces biofilm formation by inhibiting IF expression and polysaccharide production or transport. In addition, PCA may also reduce the accumulation of cysteine and aspartate by regulating the expression of ectC, lysC, cysK, and asnB. Upregulation of yfbR may lead to reduced eDNA synthesis (Kong et al., 2020), promoting the self-organization of biofilm structural communities and promoting cell-to-cell gene transmission (Brown et al., 2015). Downregulation of oppA directly inhibits biofilm formation, promotes bacterial necrotivity, and stops the production of degradative enzymes (Sun et al., 2022).

At low concentrations of PCA (9.37 and 18.75 μg/mL), The metabolic activity of V. parahaemolyticus increased by 23.8 and 63.5%, respectively, in metabolic activity (Figure 3). But the bacterial numbers did not increase at these concentrations. PCA may regulate transcription factors, such as paaF, fadB, IMS, and ald, causing ATP accumulation. G6PD also increases NADPH and reduces bacterial stress response (Dukes et al., 2015; Gong et al., 2020). However, owing to the negative feedback regulation of the signaling pathway in bacteria, the metabolic activity decreased rapidly at 37.5 μg/mL PCA concentration (Figure 3). Some studies have also reported that cinnamaldehyde and eugenol significantly inhibited bacterial adhesion ability and metabolic activity (Liu et al., 2022).

We found that PCA suppresses the expression of class III flagellar system genes and biofilm formation by regulating the transcription factors cheY, flrC, and fliA (Li et al., 2022), thereby inhibiting Vibrio motility (McCarter, 2001). As the concentration of PCA increases, the bacterial colony area decreased, and the motility capacity of V. parahaemolyticus is almost lost at the 150 μg/mL PCA concentration (Figures 5B,D). Some substances have similar effects on bacterial motility and downregulate related genes, such as thymoquinone (Guo et al., 2019). Other virulence factors of V. parahaemolyticus also change under PCA inhibition, including downregulation of the oppA, regulation of a transcription factor involved in quorum sensing, and reduction in the adhesion of the virulence factor T6SS2 to host cells (Wu et al., 2022). In addition, PCA significantly inhibits the fbpA and yxeM genes, affecting material transport, and reducing biofilm formation (Figure 8; Gregory et al., 2020).
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FIGURE 8
The gene expression levels were determined by RT-qPCR. The 2–△△CT method was applied to determine the expression levels using 16S as the control gene. The data are shown as means ± the RT-qPCR three independent experiments. Within each treatment, values marked with the same letter are not significantly different based on Duncan’s multiple-range test (p > 0.05).


Transcriptional regulation high-throughput analysis revealed that PCA mainly regulates related downstream genes. We speculate that PCA may activate the bacterial signaling system, thereby inducing transcriptional changes in downstream genes.



Conclusion

In this study, we demonstrated that 75 μg/mL of PCA had potent antibiofilm properties against V. parahaemolyticus. At a PCA concentration of 37.5 μg/mL, biofilm production was greatly reduced (Figure 2A). Meanwhile, PCA regulated the expression of biofilm-related genes oppA, fbpA, and yxeM. With the increase of concentration, PCA greatly inhibited the metabolism of V. parahaemolyticus (Figure 3) and up-regulated the expression of G6PD, ald, paaF, and fadB. In addition, PCA decreased the production of exopolysaccharides and regulated the expression of related genes pfkA, galE, and IF. The clearance rate of V. parahaemolyticus increased with the increase in PCA concentration. The motility of V. parahaemolyticus was also dose-dependent on the concentration of PCA. Taken together, PCA significant inhibited the biofilm formation, adhesion and motility of V. parahaemolyticus.

Therefore, PCA may be developed as commercially more efficient and safer antimicrobial additives to curb V. parahaemolyticus biofilms in food systems and to alleviate foodborne diseases caused by such pathogens, which is of great importance in ensuring food safety.
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Human gut and food microbiomes interact during digestion. The outcome of these interactions influences the taxonomical composition and functional capacity of the resident human gut microbiome, with potential consequential impacts on health and disease. Microbe-microbe interactions between the resident and introduced microbiomes, which likely influence host colonisation, are orchestrated by environmental conditions, elements of the food matrix, host-associated factors as well as social cues from other microorganisms. Quorum sensing is one example of a social cue that allows bacterial communities to regulate genetic expression based on their respective population density and has emerged as an attractive target for therapeutic intervention. By interfering with bacterial quorum sensing, for instance, enzymatic degradation of signalling molecules (quorum quenching) or the application of quorum sensing inhibitory compounds, it may be possible to modulate the microbial composition of communities of interest without incurring negative effects associated with traditional antimicrobial approaches. In this review, we summarise and critically discuss the literature relating to quorum sensing from the perspective of the interactions between the food and human gut microbiome, providing a general overview of the current understanding of the prevalence and influence of quorum sensing in this context, and assessing the potential for therapeutic targeting of quorum sensing mechanisms.
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Introduction

The interactions between human, animal and plant microbiomes and their ultimate impact on the assembly and maintenance of community structure and functionality is the focus of intense research efforts (Jagadeesan et al., 2019). In food microbiology, the influence of ingested food microbiomes on the human gut is a particular focus in recent years. The human gut harbours the greatest microbial load of all body sites − estimated to be in the order of 1013 bacterial cells (along with eukaryotic microorganisms and phage; Sender et al., 2016). This resident microbiota plays a significant role in human health and is amenable to outside influences imposed by diet and organisms that are resident in raw and minimally processed foods (Janssens et al., 2018; Walter et al., 2020). Nevertheless, many knowledge gaps persist regarding the dynamics of colonisation, resistance and succession in the food and gut microbiomes and how these may be modulated.

The genetic repertoire of bacteria enables them to perceive and adapt to environmental factors in flux. Environmental sensing and signalling in bacteria is primarily achieved through secondary nucleotide messengers, such as cyclic adenosine monophosphate (cAMP), cyclic diguanylate (c-di-GMP) and the hyperphosphorylated guanosine derivatives collectively referred to as (p)ppGpp (Hengge et al., 2019), as well as Two-Component Systems (TCSs) − pairs of sensory histidine kinases and response regulators that perceive extracellular signals and modulate gene expression accordingly (Liu et al., 2018a). In addition, many bacterial species possess dedicated Quorum Sensing (QS) systems that involve the secretion, extracellular accumulation and subsequent import and processing of specific small chemical signal molecules (Eickhoff and Bassler, 2018). At threshold concentrations, these signal molecules in the extracellular environment induce transcriptional changes that trigger phenotypic adaptation to changing social contexts. These include the coordination of biofilm regulation, expression of virulence or food spoilage traits and social choices such as cooperation, competition and cheating within micro-ecological contexts (Li and Tian, 2012; Allen et al., 2016; Defoirdt, 2018).

QS systems can provide information on the local population of ‘self’ and ‘other’; and it has been also proposed that QS could enable bacteria to detect diffusion-limited situations through an integrated model of efficiency sensing (Hense et al., 2007; Liu et al., 2018a). QS systems are described in both Gram-negative (Papenfort and Bassler, 2016) and Gram-positive bacteria (Verbeke et al., 2017), as well as fungi (Nogueira et al., 2019) and some viruses (Silpe and Bassler, 2019). Furthermore, next-generation sequencing and comparative genomic approaches have identified homologues of known quorum sensing circuits across genus and species boundaries (Whiteley et al., 2017), suggesting its importance in the regulation of survival strategies.

This review summarises the fundamental and translational research to date relating to the targeting of bacterial quorum sensing to produce foods with enhanced safety and quality profiles and the modulation of gut microbiomes for human health. An updated catalogue of quorum sensing activity and its inhibition in foods and the human gut is provided. Finally, we identify and discuss gaps in the literature that can be addressed in order to progress research in this field specifically with a view to the bioprotection of foods and the therapeutic targeting of the gut microbiome. As this review demonstrates, there is great promise for direct applications in food production systems, particularly in the context of functional foods, as well as biotherapeutics in the clinical sphere. On the other hand, some of the gaps identified within have the potential, if addressed, to benefit broader research in the field of microbial ecology in a cross-disciplinary manner.



Quorum sensing in bacteria

As per the original system first identified in Vibrio fischeri, the simplest QS circuit consists of regulatory gene pairs responsible for the production of signalling molecules (luxI) and transcriptional activation (luxR) of regulated genes responsible for phenotypes such as bioluminescence (Nealson et al., 1970). In addition to global phenotypic regulation based on local population density, QS can also contribute to managing the production of public goods including both the signal molecules themselves (auto-induction) and co-regulated products relevant to the context of foods and the human gut, such as extracellular enzymes, exopolysaccharides, surfactants, antimicrobial compounds, virulence factors and siderophores (Heilmann et al., 2015). An overview of the principal systems found in bacteria is presented in Figure 1. Public goods, in the context of microbiology, refers to molecular components of the secretome produced by individual cells and transferred to the extracellular milieu, potentially benefiting the population as a whole. Public goods are distinct from private goods, which are generally cytosolic or membrane-bound and hence confer an exclusive benefit upon producer cells.
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FIGURE 1
 Overview of representative bacterial quorum sensing systems: Escherichia coli cell illustrates an Autoinducer 3 (AI-3) Quorum Sensing (QS) system which regulates the locus of enterocyte effacement (LEE) pathogenicity island (Walters and Sperandio, 2006; Machado Ribeiro et al., 2021); an Autoinducing Peptide (AIP) system in Lactococcus lactis is presented, in which nisin has a dual role as a Quorum Sensing Molecule (QSM) and antimicrobial peptide (Kleerebezem, 2004); Vibrio fischeri cell illustrates the control of bioluminescence through an Acylated Homoserine Lactone (AHL) system also referred to as Autoinducer 1 (AI-1; Nealson, Platt and Woodland Hastings, 1970); Autoinducer 2 (AI-2) signalling is presented at the intersection due to its role in species- and genera-agnostic communications. The AI-2 biosynthetic pathway is highlighted in yellow alongside the Lsr/Lux pathways which provide for its internalisation/detection in various genera (Pereira, Thompson and Xavier, 2013). Created with BioRender.com.


Understanding the relative contribution of quorum sensing to microbiome structure and functionality is complicated by heterogeneous distribution of QS producers and responders, even within clonal populations (Striednig and Hilbi, 2022). For instance, one study reported that just 68% of V. fischeri cells responded to exogenous QSM (Pérez and Hagen, 2010). Further, receptor promiscuity and divergence in ligand binding of quorum sensing receptors towards non-canonical substrates is suggestive of a system that can be tuned and can adapt over time to changing environmental conditions and competitors (Hawver et al., 2016; Prescott and Decho, 2020). Mapping QS systems in complex ecological environments is complicated by their tendency to follow hierarchical and combinatorial structures (Ng and Bassler, 2009; Cornforth et al., 2014) and to modulate gene expression programs through asymmetry (Hurley and Bassler, 2017), thought to facilitate the management of metabolic trade-offs (Dinh and Prather, 2019). This is perhaps best exemplified by the Qrr sRNAs (Quorum Regulatory sRNAs) of the Vibrio genus and the multifunctional RNAIII which coordinates several stacked regulatory circuits managing the accessory gene regulator (agr) system in Staphylococcus aureus (Bronesky et al., 2016).


Quorum sensing molecules

QS systems involve the production and detection of Quorum Sensing Molecules (QSM) and understanding the synthesis, structure and stability of these compounds is important for developing strategies for therapeutic targeting of these systems. A high-level overview of the principal classes of QSM is provided in Table 1.



TABLE 1 Overview of major bacterial Quorum Sensing Molecules (QSM) families, examples, possible modifications, producer and/or responder bacteria utilising the QSM as well as the regulated phenotypes and specificity.
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There are many instances in which QSM fulfil a dual role in addition to QS, such as Autoinducer 2 (AI-2) and Autoinducer Peptides (AIPs). AI-2 systems have been identified in approximately half of sequenced bacterial genomes and are considered to mediate species-agnostic communication, particularly in complex communities, presented at the intersection of the bacterial cells in Figure 1. At the same time, some argue that AI-2 biosynthesis mainly contributes to the detoxification of S-adenosylhomocysteine (SAH) produced during the activated methyl cycle (AMC) and is essential to the metabolism of cysteine and methionine, with an incidental QS role (Kang et al., 2019). Disambiguation of these contrasting theories has been explored through the construction of a LuxS-deficient Streptococcus mutans, followed by restoration of AMC functionality by complementation with S-adenosyl-L-homocysteine hydrolase (sahH from P. aeruginosa; Hu et al., 2018). Whilst biofilm formation and acid tolerance were restored through complementation, homocysteine and lactic acid levels remained aberrant, underlining the broader significance of luxS in the metabolic landscape of the cell.

Similarly, there are numerous examples of AIP QSM which, in addition to facilitating QS, act as antimicrobial peptides such as lantibiotics (bacteriocins are reviewed in greater detail in Section 2.3). In addition to the multifunctionality of QSM themselves, it bears considering that QSM can also be degraded or for instance exported in a non-specific manner through multidrug efflux pumps (Rahmati et al., 2002).



Methods for the analysis of QSM

As raised almost a decade ago (Skandamis and Nychas, 2012), a greater understanding of the relative abundance and significance of QS signalling in microbiomes is required, particularly in providing temporal resolution of QS at significant points in time and space (Donaldson et al., 2016). Accurate and rapid detection, characterisation and quantification of QSM can enhance our understanding of QS in various environments, as well as providing a real-time readout of microbial physiology within a given microbiome.

Conventional methods frequently used to interrogate the physico-chemical properties of QSM include mass spectrometry (MS) and high-performance liquid chromatography (HPLC), whilst biosensor-based systems employing plasmids, chromosomes or enzymes from reporter bacterial strains can rapidly detect a colorimetric, luminescent or fluorescent signal. Chromatographic techniques are more resource-intensive but can detect QSM with a higher degree of accuracy and can also be used to validate novel biosensors (Cutignano, 2019).

Whilst several analytical techniques are available for AI-1 and AI-2 QSM, AIP are generally more difficult to quantify as they are normally found at low concentrations in complex mixtures (Kalkum et al., 2003) whilst AI-3 was only recently characterised and no methods have been developed for its routine analysis yet (Kim et al., 2020). Novel approaches for the detection and characterisation of AIP and AI-3 are needed, in addition to protocols for QSM analysis in the complex matrices associated with food and human gut microbiome samples. In this regard, analytical techniques developed and validated in the context of environmental microbiology, such as the analysis of biofilms in wastewater treatment plants (Wang et al., 2018) could be adapted. These could be combined with emerging fluorescence-based techniques such as Combinatorial Labelling And Spectral Imaging-Fluorescence In-Situ Hybridization (CLASI-FISH) to incorporate the spatial ecology of microbial communities (Wilbert et al., 2020).

Several biosensor strains, often plasmid-based, have been constructed to detect different QSM classes (Wen et al., 2017), however chromatographic methods tend to be preferred to detect mixes of QSM in complex microbial consortia (Gui et al., 2018). Rapid paper-based diagnostic tools containing immobilised whole cell biosensors have also been validated to nanomolar level detection of AHLs and AI-2 QSM (Wynn et al., 2018).

Biochemical analytical techniques are increasingly being paired with in silico studies of quorum sensing-related genes in metagenomic samples to help distinguish QS potential from active QS processes (Rezzonico et al., 2012). In addition to the established Quorumpeps database for AIP peptides (Wynendaele et al., 2013), more recent efforts have generated novel databases including the Omics Database of Fermentative Microbes (ODFM; Whon et al., 2021) and Quorum Sensing of Human Gut Microbes (QSHGM; Wu et al., 2021b). Curated and regularly updated databases are fundamental for accurate bioinformatic predictions, which will assist in modelling the effect of quorum sensing systems in complex communities as part of broader pipelines (Wynendaele et al., 2013). Accurate modelling of quorum sensing in foods and the human gut is necessary in order to establish prevalence, relevance and to evaluate potential interventions. Ex vivo modelling of the human gut, such as through colonic models and gut-on-a-chip approaches, can provide an opportunity to benchmark quorum sensing activity at various points in the digestive process (Garcia-Gutierrez and Cotter, 2021). Fermented foods have also been demonstrated to be tractable and convenient experimental models for studying community assemblage in food microbiomes (Wolfe and Dutton, 2015) and could be evaluated as models for QS studies.



Quorum sensing “eavesdropping”

Whilst QS was originally described in terms of autoinduction, communication through QS can occur across strains, species and even kingdoms (Kendall and Sperandio, 2016). LuxR solos are one such circuit that permit ‘eavesdropping’ by detecting and integrating community-level information to inform the regulation of gene expression without investing in the production of QSM (Subramoni and Venturi, 2009). The metabolic cost of QSM synthesis varies considerably – estimated in the order of 184 ATP per autoinducer peptide (AIP), 8 ATP per acyl-homoserine lactone (AHL) and 0–1 ATP per autoinducer-2 moiety (AI-2; Ruparell et al., 2016), highlighting the likely evolutionary benefit of an eavesdropping strategy.

Notable examples in an enteric context include species of the genera Escherichia, Klebsiella, and Salmonella that possess orthologues of the transcriptional regulatory protein SdiA − detecting AHLs produced by other species – whilst lacking the requisite genes for AHL production (Michael et al., 2001; Lindsay and Ahmer, 2005). This type of QS circuit is implicated in the suppression of traI-mediated conjugation between E. coli and P. aeruginosa (Lu et al., 2017), which could potentially be harnessed in applications to reduce dissemination of genetic determinants of antimicrobial resistance (AMR) by horizontal gene transfer (HGT). Similarly, several instances of food spoilage appear to be augmented by synergy between AHL-QSM producers and non-producers, presumably due to the capacity of the non-producers to detect QSM in the extracellular milieu (Yu et al., 2019; Wang and Xie, 2020).



Quorum sensing inhibition

Due to the wide range of bacterial phenotypes regulated by quorum sensing and their impact in clinical, environmental and agricultural contexts, QS systems have been proposed as a potential therapeutic target for the modulation of microbial communities (Rutherford and Bassler, 2012; Kalia, 2013; Lade et al., 2014). Indeed, the phenomenon of quorum sensing inhibition (QSI; also referred to in the literature as quorum sensing interference to describe broader modulation of QS) has been reported not just amongst bacteria, suggesting an ecological role in governance of cooperation and competition (Murugayah and Gerth, 2019), but also between bacteria and eukaryotic cells including fungi, plants and animals (Hughes and Sperandio, 2008; Joshi et al., 2021). QSI can be accomplished through several mechanisms, such as enzymatic degradation [also referred to as Quorum Quenching (QQ)], production of QSM analogues, signal sequestration or other modulation of signal flux up or downstream.

Whilst various applications in medical and industrial settings have been investigated, the use of QSI to modulate food microbiomes and gut microbiota has received relatively less attention, yet may prove useful in addressing the global threat of antibiotic resistance and enhancing the robustness of probiotic strains (Kareb and Aïder, 2020). It is anticipated that metagenomics and metatranscriptomics will guide studies in this relatively novel area to determine the effect of QSI on microbial communities, whilst genetic engineering can be used to improve and maximise the potential of QQ enzymes derived from natural environments (Billot et al., 2020). Advances in the field of chemistry such as structure–activity studies of synthetic QSM analogues (Rajamani et al., 2008; Lyons et al., 2020) naturally complement such bioprospecting and rational design approaches.

Perhaps some of the most exciting research in the field has emerged at the interdisciplinary juncture between biology and engineering occupied by the field of synthetic biology (Wang et al., 2020). Given the close resemblance between electronic circuits and the intrinsic networks and feedback loops of quorum sensing systems, there is potential for ground-breaking interdisciplinary work. In the field of synthetic ecology, precisely engineered consortia are being used to evaluate the relative importance of quorum sensing pathways and the equilibrium between QS and QSI when targeted for therapeutic modulation (Stephens and Bentley, 2020), as well as advancing the fundamental research in the field (Wu et al., 2021a).



Biofilms as environments which favour QS

Biofilms are aggregations of microbial cells, attached to one another and typically adhered to a surface through a matrix of polymers that are at least partially microbially secreted. They are ubiquitous and considered the predominant form of living adopted by bacteria, fungi, viruses and single-celled eukaryotes (Flemming et al., 2016), with specific relevance to food and food processing environments (Alvarez-Ordóñez et al., 2019) and the human gut (Deng et al., 2020).

As well as physically shielding in-dwelling cells, the structure of the biofilm matrix includes channels and microcolonies that generate nutrient and oxygen gradients. These gradients are thought to contribute to phenotypic and genotypic plasticity and reinforce the heterogeneity generally seen in biofilm-dwelling populations (Penesyan et al., 2019). The distinct microenvironments formed and defined by biofilms are thought to favour interactions with other microorganisms due to their enforced proximity within the matrix and reduced diffusion. The resulting circulation of nutrients, metabolites, QSM and other public goods such as extracellular enzymes and siderophores are considered to influence emergent features in bacteria (Solano et al., 2014; Flemming et al., 2016). Emergent properties refer to characteristics of populations, especially multispecies and biofilm-associated, which differ from those of equivalent planktonic populations. Most commonly studied attributes include social cooperation, nutrient management and antimicrobial tolerance (Flemming et al., 2016).

More specifically, mixed biofilms containing multiple species are commonplace. They may arise due to synergy between different attachment phenotypes, such as specialised fimbriae and exopolysaccharide (EPS) production, with the structure of the latter in particular being influential on the emergent properties of biofilms beyond those of equivalent planktonic populations (Swaggerty et al., 2018).




Quorum sensing in foods and food processing environments

Advances in nucleic acid manipulation and sequencing have helped enhance our understanding of food microbiomes: the microbial communities within and upon food matrices, which become established during primary production and evolve throughout the farm-to-fork continuum (De Filippis et al., 2018; Yap et al., 2022). This field of study receives special attention in light of the emerging, cross-disciplinary approach of One Health, which recognises the interrelationship between human, animal and environmental health [One Health High-Level Expert Panel (OHHLEP) et al., 2022]. These advances have helped the collection of temporal datasets that can better describe the taxonomical and functional evolution of microbiomes across complex food chains, in order to enhance our understanding of their influence on food safety, quality, sustainability and potential impact on human health (Pasolli et al., 2020). Whilst certain species can dominate specific communities at particular times, broadly speaking food microbiomes consist of multiple strains with some degree of interaction, which may affect collective behaviours of microorganisms such as food spoilage (Qian et al., 2018). In regulating phenotypic characteristics and metabolic processes, QS is proposed to enhance microbial adaptation to dynamic environments and has been associated with food quality in both a negative sense with respect to microbial food spoilage (Yuan et al., 2018), as well as enhancing the quality of some fermented foods (Johansen and Jespersen, 2017).

The overall impact of QS in microbial succession dynamics within food microbiomes is difficult to assess due to the frequent heterogeneous responses seen in bacteria to QSM described previously. Further, relative receptor binding affinity studies have demonstrated that many QS receptors can be activated by many other small molecules produced by microorganisms or hosts (Wellington and Greenberg, 2019), as we will outline for various compounds present in foods. Finally, the accumulation, compartmentalisation and stability of QSM are likely to be highly influenced by intrinsic and extrinsic factors of the food matrix and subject to fluctuations at different points of the food production process (Skandamis and Nychas, 2012). For example, studies on AHL-QSM stability in soil established a half-life ranging from hours to days depending on pH and temperature (Delalande, 2005) and the influence of micro-environmental conditions in foods and the human gut remains to be elucidated. Recent technologies have harnessed bacterial QS activity to provide real-time monitoring of microbial activity during food production (Miller and Gilmore, 2020).


Quorum sensing molecules detected in foods

A broad range of QSM have been reported in different foods, as illustrated in Figure 2. Overall, fatty acid-derived QSM such as AHLs and DKPs in foods are predominantly associated with bacteria involved in food spoilage or food-borne illness, whilst associations with AI-2-QSM appear more evenly split between instances of benign bacterial consortia and undesirable ones.
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FIGURE 2
 Overview of Quorum Sensing Processes as involved in food production, adapted from (Blana, Doulgeraki and Nychas, 2011; Plummer, 2012; Nahar et al., 2018; Quintieri et al., 2020; Wang and Xie, 2020). The left hand side of the figure in yellow maps food-associated bacteria reported in the literature to utilise QS for spoilage or pathogenesis, organised into columns based on the class of QSM (AHL, AI-2 and others) and by the type of food in which they are reported. This scheme is repeated on the right hand side in blue for those food-borne bacteria with positive attributes in food with respect to biopreservation and biotransformation. Created with BioRender.com.


Different foods present distinct matrix effects, which will likely impact the stability and mobility of QSM produced by the microbiota within; high AI-2 activity is reported in frozen fish, tomato, cantaloupe, carrots, tofu and cow’s milk, whilst raw poultry, beef and artisanal cheeses appeared to inhibit AI-2 QS activity (Lu et al., 2004). This finding was supported by a more recent study measuring spiked AHL and AI-2 in water, skim milk and meat suspensions via a whole-cell biosensor assay, finding that signal was diminished only in the meat matrix (Wynn et al., 2018). The fluctuating levels of organic acids, pH and other biomolecules during food processing, especially in activities involving fermentation, are likely to influence QSM concentration and stability over time.

AI-2 appears to be particularly significant in the context of fermented food microbiomes. For instance, many bacteria isolated from the surface of smear-ripened cheeses produce AI-2, including Arthrobacter nicotianae, Corynebacterium ammoniagenes, Corynebacterium casei, Microbacterium barkeri, Microbacterium gubbeenense and Staphylococcus equorum subsp. linens (Novak and Fratamico, 2006; Gori et al., 2011). Another study of isolates from West African fermented foods reported AI-2 production in many Aerobic Endospore-producing Bacteria (AEB) such as Bacillus subtilis, B. cereus, B. altitudinis, B. amyloliquefaciens, B. licheniformis, B. aryabhattai, B. safensis, Lysinibacillus macroides and Paenibacillus polymyxa (Qian et al., 2015). This is supported by bioinformatic analysis of the microbiome of cocoa bean fermentations, which revealed a high prevalence of luxS-related genes in the core/soft-core of the lactic acid bacteria (LAB) Limosilactobacillus fermentum, Pediococcus acidilactici and Lactiplantibacillus plantarum. Additional luxS genes were also detected in some accessory genomes (de Almeida et al., 2021) and altogether participation in AI-2 signalling was proposed to help LAB adapt to diverse niches such as food fermentations.

AI-2 QS is also emerging as a key player in supporting desirable biofilms in food processing. For instance, AI-2 is present in high concentrations in Spanish table olive biofilms produced using a sequential yeast-LAB starter culture, which controlled undesirable spontaneous microbiota and maintained organoleptic quality throughout the product shelf life (Benítez-Cabello et al., 2020). In the same study, high AI-2 levels also correlated with high LAB counts on the olive skin surface, supporting the assertion that robust biofilm-forming capacity can enable potential probiotic strains to better survive and become established in fermented food microbiomes. This phenomenon has also been reported in other beneficial members of food microbiomes such as Lactiplantibacillus pentosus in olives (Perpetuini et al., 2016) and Lactiplantibacillus paraplantarum L-ZS9 in kimchi (Park et al., 2016). Thermal treatment is also highly relevant to food processing and whilst its effect on all QSM is not known, AI-2 concentrations are diminished by pasteurisation/ultra-heat-treatment (UHT; Lu et al., 2004).

An important limitation is that many studies report QSM production by strains isolated from foods, rather than quantifying QSM in situ, thereby only estimating the potential prevalence of QS in foods. A further confounding factor is the use of biosensors that may not distinguish between various enantiomers of QSM or between bacterial QSM and host-derived molecular mimics.



Biofilms within food and food industries as environments for QS

Around one quarter of food waste is attributed to microbial processes (Huis in ‘t Veld, 1996), with implications for food safety and quality at a consumer level, economic losses at an industrial level and resource wastage in the context of sustainability. Microbial load and community composition are influenced by the nature and origin of raw materials, processing methods, transport and storage conditions (Jarvis et al., 2018; Van Reckem et al., 2020; Zwirzitz et al., 2020) and may fluctuate in accordance with the conditions of the niche. Food processing typically employs several physico-chemical hurdles to mitigate undesirable microbial growth such as thermal treatment, high pressure processing, use of acids, bacteriocins or other additives as well as regular sanitisation (Khan et al., 2017). Cumulatively, it has been proposed that this process could select for resistant strains that persist in the processing environment, particularly within biofilms, in turn re-contaminating finished foods (Walsh and Fanning, 2008).

Biofilms can be formed at many points in the food production process (Maes et al., 2019; Wagner et al., 2020), beginning with colonisation of raw plant materials and animal tissues during primary production. Biofilms can also form on man-made materials such as plastic or steel food-contact surfaces through preconditioning with biomolecules which facilitate attachment and extracellular matrix production by bacteria. Biofilm dwelling can provide a degree of shielding and protection from physical forces such as desiccation and shear, or biocides, facilitating greater resistance, particularly in mixed biofilms (Giaouris et al., 2015).

Biofilm formation has traditionally been viewed as a negative bacterial trait in the food industry, due to its association with specific spoilage organisms (SSO) and pathogenic bacteria that can re-contaminate foods post-processing, resulting in food spoilage and outbreaks of food-borne illness, as well as acceleration of ablation and corrosion of food-contact surfaces. The impact microbial transmission from biofilms into finished food products is of particular concern given the rising popularity of minimally processed and ready-to-eat foods (Meireles et al., 2018). Further, biofilms are increasingly recognised to promote antimicrobial tolerance (Uruén et al., 2020) as well as act as focal points for HGT between members of the population contained within (Abe, Nomura and Suzuki, 2020), potentially exacerbating the challenge of AMR.

However, biofilms also underpin and drive many key biotransformations in food and QS plays a role in at least some of these. Biofilm formation is thought to be crucial for the growth of milk kefir grains, which is catalysed by autoaggregation between LAB such as L. lactis, Leuconostoc mesenteroides, Lentilactobacillus kefiri, and Lentilactobacillus sunkii followed by synergistic kefiran production (EPS) by LAB and acetic acid bacteria (AAB), with cross-kingdom networking by yeasts such as Kluyveromyces marxianus (Wang et al., 2012; Han et al., 2018). Water kefir has received less attention than its dairy counterpart, but likely recapitulates this paradigm, with dextran-producing LAB thought to play a key role in grain growth (Fels et al., 2018; Guzel-Seydim et al., 2021). QS is likely to receive increased attention in this area, both for its relevance to the production of fermented foods with a biofilm quality such as kefirs, as well as its broader technological relevance in modulating the production of microbially synthesised extracellular polysaccharides.

Freeze-drying survival rates are also a concern in the commercial production of probiotic products. Notably, modulation of osmotic stress exposure in L. plantarum LIP-1 was found to enhance AI-2 production and promote biofilm formation by the strain, enabling it to better withstand the freeze-drying process (Jingjing et al., 2021). As subsequently outlined in the context of the human gut, biofilm formation and linked traits such as EPS production are increasingly being proposed as probiotic traits as they may enhance the survival of probiotic strains throughout gastrointestinal transit (Kelly et al., 2020).



Bacteriocin production

Amongst the bacterial processes regulated by QS in foods, bacteriocin production has received particular attention due to its application in the production of food and feed, as well as antimicrobial therapy. Bacteriocins are a group of ribosomally synthesised peptides with antimicrobial activity, notably mediating interspecies competition due to immunity genes in the producer strain (Cotter et al., 2005). It has been approved as a natural biopreservative in foods by both the FDA in the US and EFSA in the EU and extensively investigated for applications in dairy foods, as well as meat, seafood and vegetable-based foods (Gharsallaoui et al., 2016).

As outlined previously, some AIP fulfil a dual role as both QSM and antimicrobial peptides, including lantibiotics (class I bacteriocins) such as nisin and lacticin 481, produced by some strains of Lactococcus lactis and subtilin, produced by specific strains of B. subtilis (Kleerebezem, 2004; Gobbetti et al., 2007). In the case of class II bacteriocins, such as certain plantaricins in Lactiplantibacillus plantarum, salivaricins in Ligilactobacillus salivarius and some carnobacteriocins produced by members of the genus Carnobacterium, a dedicated peptide pheromone is responsible for regulating transcription of the bacteriocin genes, forming a three-component system (Leisner et al., 2007; Maldonado-Barragán et al., 2009).

Bacteriocin production is by now well-established as an attractive feature in potential probiotic strains. In the context of interspecies interactions and microbial succession, bacteriocin production is proposed to enhance the viability of producer strains, particularly in complex ecosystems (Maldonado-Barragán et al., 2013). In-situ production of certain bacteriocins within foods can control the growth of spoilage and pathogenic microorganisms due to their specificity of action and non-toxic effect on the host (Dobson et al., 2012). Moreover, QS systems offer the potential to fine-tune the dynamics of bacteriocin synthesis. Future studies could examine in greater detail the dynamics of co-culture induction in complex communities, as reported in a strain-specific manner in L. plantarum (Maldonado-Barragán et al., 2013), with a view to optimising in-situ production of bacteriocins.




Quorum sensing in the human gut microbiome

As previously described, the relatively high microbial load in the gut as well as the associations between the gut microbiome and health have made it a point of focus for human microbiome studies. The gut microbiome refers broadly to the gastrointestinal tract, primarily comprising the stomach, small and large intestine, sometimes also including the oral cavity and the microbial communities that become established within. The niches provided by the various compartments are highly dynamic with respect to changes in pH, oxygenation, nutrient availability, host–microbe interactions and microbial load, rendering community assemblage an incredibly complex ecological process (Donaldson et al., 2016). Additional spatial organisation is conferred by the distinct microenvironments provided by the gut lumen, mucin layer, intestinal crypts and mucosal epithelium.

Recent studies have highlighted the biofilm-like structure of mucus-associated bacterial communities in the gut lumen (Duncan et al., 2021), suggesting the likely prevalence of QS considering its previously established link with biofilms. Studies in this field are challenging due to the well-established inter-individual variation present even between ‘healthy’ individuals (Jones et al., 2018). Gaps remain in understanding the relative significance and importance of changes in composition and functionality of microbiomes as well as the ecological forces influencing assembly, maintenance and temporal fluctuation.

Perhaps the clearest instance of an interaction between microbiota present in a consumed food and the gut microbiome is food-borne illness. Many hurdles are mounted against invading bacterial pathogens, both from the resident microbiome (a phenomenon termed ‘colonisation resistance’) as well as host cells and immune mechanisms, all of which must be overcome to establish infection (Buffie and Pamer, 2013). In this delicate balance between colonisation, invasion and regulation, many bacterial pathogens utilise QS, at least in part, to regulate the expression of clinically relevant virulence factors that are metabolically costly and less strategic at low population densities (Rutherford and Bassler, 2012). Indeed, certain components of the human immune system are primed to detect and respond to pathogens and their virulence factors, which will be discussed below.


Quorum sensing molecules detected in the human gut microbiome

Relatively few studies have evaluated the presence of QSM within the human gut microbiome, due to the technical challenges associated with chromatography on luminal samples and low abundance of the molecules (Xue et al., 2021). Sampling of AHL-QSM at relevant temporal and spatial points is challenging due to their propensity to degrade at biological pH shortly after secretion, either spontaneously to tetramic acid, or by enzymatic hydrolysis of the lactone ring, leading their concentration to reflect temporal rather than historic population information (Peyrottes et al., 2020). Figure 3 provides an overview of the findings reported to date regarding QSM in the human gut.
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FIGURE 3
 Quorum Sensing Molecules (QSM) which have been detected in samples from the human gastrointestinal tract (white boxes). Mammalian receptors present in the human gut capable of binding QSM as ligands are shown in light green boxes towards the bottom of the figure. Created with BioRender.com.


With respect to the oral cavity, high-performance liquid chromatography-coupled mass spectrometry (HPLC-MS) has been used to detect AHL-QSM in extracted teeth and saliva samples, with C8-HSL being most abundant and present in all saliva samples and most of the extracted teeth, whilst C14-HSL and C18-HSL were present at lower levels (Muras et al., 2020).

Mass Spectrometry (MS) has been used to detect the novel QSM 3-oxo-C12:2, a derivative of the AHL 3-oxo-C12 bearing 2 unsaturations, in human faeces (Landman et al., 2018). It was detected at higher levels in both healthy control and Inflammatory Bowel Disease (IBD) patients in remission versus those in active flare and was correlated with higher abundances of Bacillota, especially Faecalibacterium prausnitzii, and lower abundances of E. coli. 3-oxo-C12:2 also displayed anti-inflammatory properties and an ability to limit cytokine-induced tight junction disruption in a Caco-2/TC7 model when compared with the native 3-oxo-C12 from P. aeruginosa (Aguanno et al., 2020). The presence and presumptive bioactivity in the human gut microbiome of AHLs bearing such unsaturations is intriguing, as unsaturated pheromones are generally uncommon and their production had otherwise only been reported in the marine Roseobacter clade (Ziesche et al., 2015; Peyrottes et al., 2020). The producer of the precursor AHL and unsaturations, as well as its precise biological effects, remain unidentified to this date. A novel UPLC-MS/MS method has recently been developed to detect AHL-QSM in caecal, sera and liver samples of germ-free, conventional and Citrobacter rodentium-infected mice (Xue et al., 2021). This study demonstrated the translocation of bacterial AHL-QSM across the intestinal barrier throughout host tissues and the perturbation in AHL profiles provoked by C. rodentium infection.

Relatively few studies have investigated AI-2 levels in the gut microbiome. Liquid chromatography–tandem mass spectrometry was used to detect AI-2 produced by the oral microbiota in saliva samples (Campagna et al., 2009) via the linear precursor molecule 4,5-dihydroxy-2,3-pentanedione (DPD). Concentrations fluctuated considerably between participants (average 526 nM, range 244–965 nM), potentially highlighting inter-individual variation or temporal fluctuations in the oral microbiome (Rickard et al., 2008). AI-2 also appears to mediate inter-kingdom interactions in the human mouth in that, for example, hyphal development in the fungal pathogen Candida albicans is inhibited by AI-2 produced by Aggregatibacter actinomycetemcomitans (Bachtiar et al., 2014). Beyond the oral cavity, AI-2 has been detected in ileal and rectal samples taken during endoscopy from participants with and without IBD (Raut et al., 2013). In the gut, one study found diminished AI-2 levels in the acute phase of Necrotising Enterocolitis (NEC), a serious gastrointestinal disease primarily affecting infants, consequentially proposing the QSM as a potential biomarker for early detection and prophylaxis (Fu et al., 2020). In contrast, AI-2 levels were observed to be significantly higher in faecal samples and biopsies from patients with Colorectal Cancer (CRC) versus those of adenomas/healthy controls (Li et al., 2019a,b).

AI-3 is the most recently described QSM thought to be found in the gut. AI-3 family pyrazinones are produced by a wide range of bacteria relevant to the gut microbiome, as well as in pathogen-free mice colonised with E. coli BW25113, although human microbiome samples have not been interrogated to date using analytical techniques (Kim et al., 2020). Similarly, although direct quantification of other QS systems has not to our knowledge been reported, in silico predictions via the QSHGM database (Wu et al., 2021b) reveal presence of photopyrone, dialkylresorcinol and DSF genetic circuits in a wide range of gut microbes, although this remains to be evaluated using analytical techniques.

Taken together, QS systems appear to be active at various points of the human gut microbiome as are several distinct strategies by the eukaryotic host to monitor and respond to bacterial QSM. Future studies leveraging novel sampling approaches can further clarify the relative importance and clinical significance of the various systems, particularly regarding the interactions between commensals and opportunistic pathogens introduced to the gut microbiome.



Qs influence on collective bacterial behaviours in the gut

Lifestyle switching, through environmental and quorum sensing, has been proposed to favour the survival and colonisation of introduced species in the human gut (Mukherjee and Bassler, 2019). QS can also facilitate the establishment of collective behaviours of microbial populations and communities within the gastrointestinal tract, potentially affecting community assemblage and host physiology. AI-2 systems are most commonly implicated in this context, in both positive and negative senses.

Vibrio cholerae provides one of the clearest examples of lifestyle switching in order to adapt to and survive harsh environmental conditions in the environment and in the gut using QS. It forms aggregates of biofilms when surrounded by other V. cholerae cells and switches to a dispersal strategy to escape the matrix when surrounded by high numbers of ‘other’ non-V. cholerae cells. (March and Bentley, 2004; Bari et al., 2013; Bridges and Bassler, 2021). It has recently been proposed that V. cholerae senses its own quorum via CAI-1 QSM in conjunction with the biogenic amine norspermidine, which is relatively specific to V. cholera, whilst other populations are monitored using AI-2 and spermidine, a ubiquitous biogenic amine found throughout the human gut (Bridges and Bassler, 2021). CAI-1 has also been demonstrated to enhance the virulence of the non-producer Enteropathogenic E. coli (EPEC), possibly contributing to co-infection of the host (Gorelik et al., 2019). AI-2 also modulates sporulation and biofilm formation in the pathogenic Clostridium difficile, facilitating switching between dormancy, vegetative growth, virulence, immune evasion and antibiotic tolerance (Ðapa et al., 2013; Desai and Kenney, 2019; Tijerina-Rodríguez et al., 2019). Additionally, C. difficile uses an agr system mediated by thiolactone QSM to regulate production of the toxins TcdA and TcdB which compromise the host epithelial barrier in C. difficile infection (CDI; Darkoh et al., 2015). Certain C. difficile phage appear to bear and disseminate agr variants amongst their hosts, highlighting the complexity of microbiome dynamics and the difficulty in limiting investigations to single kingdoms (Hargreaves et al., 2014). This also supports the recent implication of bacterial QS as a broad mediator of phage-host interactions in the gut (León-Félix and Villicaña, 2021). Such insights certainly require additional scrutiny, but could prove significant in the development of phage therapy.

There are also many instances where QS activity is associated with positive compositions or outputs from microbial communities. One standout study found that increasing local levels of AI-2 in a mouse model of antibiotic treatment promoted the recovery of Bacillota (previously known as Firmicutes) whilst hindering the expansion of Bacteroidota (previously known as Bacteroidetes; Thompson et al., 2015). As previously described for food-borne probiotic strains, AI-2 QS was also shown to positively influence colonisation of a probiotic Bifidobacterium breve UCC2003 in the gut (Christiaen et al., 2014). Indeed, luxS-deficient Streptococcus mutans mutants incapable of producing AI-2 were found to upregulate carbohydrate metabolism and ABC transporters, highlighting the potential for QS to govern individual behaviours as well as collective ones (Yuan et al., 2021) and underlining the necessity for systems biology approaches when evaluating proposed therapeutic applications of QSI.



Detection of bacterial QS by the human host

Bacterial quorum sensing may also contribute to host–microbe interactions as evidenced by the existence of pathways in eukaryotic multicellular organisms to detect and even interfere with microbial communications (Aframian and Eldar, 2020). Indeed, the broader field of microbial endocrinology abounds with examples of crosstalk between host hormones and bacterial signalling systems, perhaps unsurprisingly considering the hormone-like properties of bacterial QSM (Neuman et al., 2015; Li et al., 2019a). Taken together, this is suggestive of co-evolution and adaptation by the eukaryotic host to monitor for AHL production and coordinate a defensive response.

AHL-QSM are small, lipophilic molecules and although poorly soluble in water, their diffusion into eukaryotic cells has recently been demonstrated, with interaction with intracellular targets also considered possible (Kamaraju et al., 2011; Peyrottes et al., 2020). Molecular self-assembly in aqueous solution into micelles and vesicles has been observed for 3-oxo-C8-AHL, 3-oxo-C12-AHL, C12-AHL and C16-AHL, which may guide our understanding of the kinetics of secreted QSM (Gahan et al., 2020). Bacterial outer membrane vesicles (OMVs) have also been proposed to traffic quorum sensing molecules within and between bacterial microcolonies, circumventing the issue of hydrophobicity (Toyofuku et al., 2017). OMVs have also been detected in host blood, heart and urine samples, being able to cross the mucus layer and epithelium of the gut (Stentz et al., 2015). Whilst OMVs have been studied to the greatest extent in the context of Gram-negative pathogens, attention is turning to their significance in probiotic and commensal strains, including E. coli Nissle 1917 and ECOR63, respectively (Alvarez et al., 2016), however more precise characterisation of their composition and relevance to QS is required.

Bitter taste receptors (T2Rs) belong to the G protein-coupled receptor group and were initially studied in the context of taste, being highly expressed on the tongue. However they have been found to be expressed in a variety of other sites including the upper respiratory tract and gastrointestinal tract, suggesting a broader role (Verbeurgt et al., 2017). Indeed, there is evidence of variable interaction of these receptors with numerous bacterial metabolites including AHLs. T2R38 is one example that is expressed throughout the gastrointestinal tract on intestinal epithelial cells (Behrens and Meyerhof, 2011; Karlsson et al., 2012) and activated by the AHL-QSM 3-oxo-C12-HSL in myeloid cells, enhancing phagocytic activities (Gaida et al., 2016) − although the myeloid cells in the latter study were derived from patient biopsies of osteomyelitis. Yet another study, using a heterologous expression system, found that T2R38 did not respond to 3-oxo-C12 HSL nor the cyclic AIP Agr-D1 thiolactone and CSP-1, but was activated by a range of bacterial metabolites including acetone, 2-butanone, 2-pentanone, 2-methylpropanal, dimethyl disulphide, methylmercaptan, and γ-butyrolactone (Verbeurgt et al., 2017). Methodological differences between the studies may account for this discordance.

Pro-inflammatory cascades have also been reported by AHL interaction with nuclear factor kappa B (NF-κB) and activator protein-2 (AP-2) receptors (Kravchenko and Kaufmann, 2013). The human aryl hydrocarbon receptor (AhR) is present in the human gut and interacts with a wide array of microbial metabolites and was shown to detect and react to relative abundances of AHLs, quinolones and phenazines produced by P. aeruginosa to manage immune response over the course of infection (Moura-Alves et al., 2019; Barroso et al., 2021).

In contrast to AHL-QSM, unmodified AI-2 is hydrophilic and does not appear to penetrate the plasma membrane, although heptyl modifications increase its affinity (Kamaraju et al., 2011). In vitro exposure of HCT-8 intestinal epithelial cells to AI-2 was found to provoke an inflammatory response (Zargar et al., 2015); this interaction could be studied in a more representative model system such as intestinal organoids or in vivo. Recent evidence suggests that mammalian epithelial cells can produce an AI-2 analogue that may mimic and interfere with bacterial QS, although the structure has yet to be determined (Ismail et al., 2016).




Quorum sensing inhibition in food microbiomes

Given the association between QS and bacterial biofilm formation and food spoilage activity, QSI has been proposed as a potential strategy to positively regulate bacterial phenotypes and improve food safety and quality. In fact, many foods themselves exhibit QSI activity associated with defence systems in plant/animal tissue or with the presence of microorganisms that have developed mechanisms to interfere with QS activity of neighbouring species.

Quorum sensing systems are interdependent and complex—the field of QSI can generally benefit from the application of a systems biology approach to understand the network of interactions occurring within a particular microbiome. As applied to food production systems, QSI interventions may need to be timed to suppress bacterial QS at critical control points in the food chain, as opposed to their constitutive deployment, or targeted against specific bacterial species implicated in spoilage or pathogenesis whilst maintaining the structure of the overall food microbiome.


QSI produced in microbe-microbe interactions in food microbiomes

Several instances of QSI activity in foods are attributed to members of food microbiomes. Many quorum quenching (QQ) enzymes belonging to AHL lactonase, acylase and oxidoreductase families have been identified, for the most part being isolated in soil and marine metagenomes, plant symbionts and pathogenic bacteria (Bijtenhoorn et al., 2011; Fetzner, 2015). Figure 4 provides an overview of the source and structures of some prominent examples of QQ enzymes and QSI compounds. The majority of QSI discovered to date are active against AHL-QSM; to our knowledge, only one AI-2 QQ enzyme has been identified to date, originating in a soil metagenomic bank and hypothesised to reduce an AI-2 precursor, 4-hydroxy-2,3-pentanedione-5-phosphate, to the inactive derivative 3,4,4-trihydroxy-2-pentanone-5-phosphate (Weiland-Bräuer et al., 2016). For an extensive list of microbially derived QQ enzymes, the reader is directed to a comprehensive review (Sikdar and Elias, 2020).
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FIGURE 4
 Overview of the source and structures of some prominent examples of QQ enzymes and QSI compounds. Many QQ enzymes have been described for AHLs, such as the AHL acylase GqqA reported in Komagataeibacter europaeus isolated from grape vinegar [Werner et al., 2021; Image from the RCSB PDB (rcsb.org) of PDB ID 7ALZ], AHL lactonases such as AiiA from E. faecium isolated from the gut of Oreochromis niloticus [Vadassery and Pillai, 2020; Image from the RCSB PDB (rcsb.org) of PDB ID 7L5F] and paraoxonase enzymes which are expressed widely in mammalian tissues (Peyrottes et al., 2020). Oxidoreductase enzymes have been isolated from environments such as soil and activity has been reported against AHLs (Bijtenhoorn et al., 2011; Image from the RCSB PDB (rcsb.org) of PDB ID 3RKR) as well as AI-2 (Weiland-Bräuer et al., 2016). Examples of non-enzymatic QSI include tryptophol acetate, active against CAI-1 and AHLs (Malka et al., 2021), coumarin and derivatives, which can interfere with AHL-QS (Gutiérrez-Barranquero et al., 2015) and AIP analogues produced by closely related staphylococcal species (Peng et al., 2019). Created with BioRender.com.


With that being said, food microbiomes have yielded some novel QSI agents in recent years, particularly QQ enzymes as shown in Figure 3. An AHL acylase with was recently characterised in a Komagataeibacter europaeus strain isolated from grape vinegar (Werner et al., 2021), complementing an earlier report of another putative AHL acylase in a S. epidermidis strain isolated from fermented soybean curd (Mukherji and Prabhune, 2015). In the latter, the authors propose QQ as a possible probiotic trait in food fermentations to reduce overall concentrations of AHL-QSM. Another study demonstrated the potential of in silico screening through mining of a Mao-tofu metagenome, discovering a novel AHL lactonase (aii810) active at low temperatures (Fan et al., 2017).

As AHL-QS producers account for a large proportion of the burden of spoilage and pathogenesis in aquaculture, this area has received significant attention and yielded an array of novel AHL-QQ enzymes. Aquaculture and fish gut microbiome isolates including Bacillus sp. QSI-1, Bacillus licheniformis T-1 and Enterococcus faecium QQ12 have been identified as potential probiotic feed ingredients due to their potential modulatory role for the AHL-QSM profile of the fish gut microbiome (Chu et al., 2014) and protecting against A. hydrophila infection through AHL lactonase activity of YtnP (Peng et al., 2021) and autoinducer inactivation (aiiA) homologues (Vadassery and Pillai, 2020). Another study found widespread AHL-QQ activity in bacterial isolates from rainbow trout tissue, including members of the genera Bacillus, Enterobacter, Citrobacter, Acinetobacter, Agrobacterium, Pseudomonas and Stenotrophomonas. Characterisation showed variability in both enzymatic and non-enzymatic modes of action, highlighting the diversity of QQ activity observed in the comparably simple fish gut microbiome, as well as a propensity for cell-bound activity rather than secretion (Torabi Delshad et al., 2018).

Metagenomic studies have revealed the presence of potential quorum quenching determinants in dairy products and production plants (Alexa Oniciuc et al., 2020); food microbiomes may represent in this sense a relatively untapped reservoir for novel QSI determinants. Indeed, there are numerous reports of culture extracts from specific LAB strains exerting anti-biofilm, anti-virulence and QSI effects on other bacterial species; for instance, cell free supernatants of LAB isolated from fermented grape interfere with AI-2 quorum sensing and biofilm formation in Salmonella Typhi and S. Typhimurium (Pelyuntha et al., 2019) and supernatants of LAB strains isolated from beef and cow’s milk inhibited pyocyanin production in a P. aeruginosa isolate of rancid butter and diminished violacein production in C. violaceum (Aman et al., 2021). The molecular mechanism of this widespread yet strain-specific activity remains unelucidated to date, but is thought to involve, at least in part, acid production along with small molecules secreted by the LAB strains. Indeed, another study evaluated both acidic and neutralised supernatants of LAB strains, finding that neutralised supernatants more weakly inhibited biofilm formation in P. aeruginosa compared with acidic fractions; moreover, only acidic supernatants interfered with the las and rhl quorum sensing systems (Rana et al., 2020).

Intriguingly, many examples of QSI arise amongst eukaryotic members of food microbiomes, specifically fungi. AI-2 QSI activity of brown algae has been attributed not to the plant cells but rather to bacterial and fungal endophytes (Tourneroche et al., 2019). Recently, a novel QSI compound (tryptophol acetate) was discovered to be produced by the yeast Kluyveromyces marxianus present in a Tibetan milk kefir (Malka et al., 2021). It was found to interfere with bacterial AHL and CAI-1 signalling, with possible applications for bioprotection of foods and prevention of proliferation of enteric pathogens such as V. cholerae (CAI-1). Again, this highlights the need for systems biology approaches that encompass all relevant kingdoms of life, not solely bacteria, when studying QS in a microbiome context.

Lastly, purified microbially derived enzymes can be incorporated into food formulations or cleaning protocols for food processing plants. To our knowledge, just one study has examined the use of enzymes with quorum quenching activity in foods. In this case, it was found that treatment with a commercial preparation of 7 peptidases and 1 amylase (Flavourzyme) decreased the relative expression of genes involved in quorum sensing (Nahar et al., 2021). However, this study only examined AI-2 related transcription, which could be due to suppression of the AMC (Activated Methyl Cycle) as a result of global metabolic perturbation. Treating raw sturgeon with AiiAAI96 (AHL lactonase) and nisin (bacteriocin) prior to vacuum packaging extended the product shelf life by 5 days (Gui et al., 2021), showing promise as a biopreservative targeting both Gram-positive and negative SSO. Heterologous expression of QQ enzymes in situ offers another potential route for biotechnological applications, as exemplified by the use of a Lacticaseibacillus casei strain, often used in the dairy industry, to express the AHL lactonase AiiK which can attenuate virulence in Aeromonas hydrophila (Dong et al., 2020) and P. aeruginosa (Dong et al., 2018).



QSI By components of food matrices

In addition to microbially produced QSI molecules, it has been established that many components of food matrices can, to some degree, modulate bacterial QS. A brief overview of prominent examples are provided in Table 2. In some cases, such as the organic acids, they may affect the stability of the QSM themselves or downregulate their synthesis by the producer strain due to acid stress. In other instances, such as fatty acids, the QSI phenomenon is thought to arise due to their structural similarity to the fatty-acid-derived QSM including AHLs and DSF. Indeed, in the case of ascorbic acid (vitamin C) the mechanism of action could arise due to its effect on pH or due to the structural similarity between it (5S)-5-[(1R)-1,2-Dihydroxyethyl]-3,4-dihydroxy-2(5H)-furanone) and other furanones – such disambiguation will be critical for harnessing it as a potential QSI agent.



TABLE 2 Overview of components of food matrices which can mediate bacterial Quorum Sensing Inhibition (QSI) or related phenotypes, such as biofilm inhibition and sporulation.
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Generally, plant-based foods do not appear to support bacterial quorum sensing activity to the same extent as animal-based ones (Medina-Martínez et al., 2006). This phenomenon is hypothesised to arise from co-evolutionary forces between plants and microorganisms and is primarily mediated by inhibitory plant secondary metabolites including furanones, phenolics and other bioactives that can act as QSM analogues (Rodrigues et al., 2016; Zaytseva et al., 2019; Pun et al., 2021). This could suggest the potential for plant-derived ingredients to generally disrupt bacterial QS activity or support their incorporation in food formulations to modulate the food microbiome of the product. However due to the general bioactivity of plant secondary metabolites, possible off-target effects should be assessed and effective QSI activity established in the context of the matrix effects and digestion.

Whilst food matrix-derived peptides may be similar in size and sequence to known QS AIP, no QSI peptides have been described to date in foods. Bioactive peptides are intriguing due to their small size, which allows them to diffuse relatively easily through food matrices and biofilms; additionally, they are amenable to bioengineering against resistance as they are gene-encoded (Bhutia and Maiti, 2008; Field et al., 2019). QSI AIP have been described in coagulase-negative staphylococci in the skin microbiome with activity against S. aureus (Peng et al., 2019) − this could suggest that intra-genus competition within food microbiomes represents an opportunity for future mining and discovery of potential therapeutic agents with direct applications in food production.

This provides a new perspective on food processing and formulation and the impact of ingested foods on the gut microbiome. Whilst many components pertain to raw food ingredients derived from plants and animals, many of these such as organic acids, fatty acids and vitamins can themselves be microbially synthesised and are of interest in their own right in the context of human nutrition. Aromatic and volatile compounds are overrepresented, with many QSI compounds also having a role in flavouring such as Maillard reaction-derived furanones (Wang and Ho, 2008) and lactone derivatives such as coumarins. Understanding the directionality of these effects, particularly with respect to stability and efficacy in food matrices and withstanding transit through the digestive tract, will be of key importance in the development of applications in the food formulation space.




Quorum sensing inhibition in the human gut microbiome

As previously outlined, quorum sensing has been implicated in the onset of pathogenesis in infections and is thought to influence community composition in other human-associated microbiomes such as those of the oral cavity, lung, skin, urinary and reproductive tracts (Bradshaw and Sobel, 2016; Cole et al., 2018; Scoffone et al., 2019; Williams et al., 2019). As some pathogenic bacteria utilise QS to time their deployment of virulence factors, it has been proposed that QS activities of neighbouring bacteria in the gut microbiome could interfere with this timing, either by QSI or by prematurely inducing the quorum level with species-agnostic QSM (Cho et al., 2021). Unsurprisingly, many instances of QSI activity can be observed in the crosstalk between host and microbe and in communications within bacterial communities.


QSI enzymes in host tissue

Paraoxonase (PON) enzymes are expressed widely across human tissues, including the intestines and can inactivate AHL-QSM through hydrolysis of the lactone ring moiety (Camps et al., 2011; Peyrottes et al., 2020). Like many QQ enzymes, PON have a broad substrate specificity and can also inactivate esters, e.g. oestrogen esters, lactones or organophosphates, highlighting the need to consider off-target effects in evaluation of QS-based therapies.



QSI produced in microbe-microbe interactions in the human gut

Microbe-microbe interactions in the human gut can involve cooperation, through sharing of resources and cross-feeding, as well as antagonism, in efforts to outcompete neighbouring cells. Just as in food microbiomes, QS appears to be widespread amongst bacteria in human gut microbiomes and likely, to some degree, mediates interspecies interactions therein. Indeed, AI-2 was shown to orchestrate both cross-feeding and also QSI in co-culture of C. acetobutylicum and D. vulgaris Hildenborough, depending on the extent of nutrient limitation in the system (Ranava et al., 2021), highlighting the conditionality which can be present in bacterial cooperation.

Overall, there are relatively fewer instances of QQ enzymes or QSI compounds being reported from the gut microbiome, possibly due to the focus of bioprospecting efforts on natural environments, as well as the difficulty in successfully culturing gut commensals in vitro. However, QSI potential has been established by some studies, for example, in the oral microbiome 60% of recovered bacteria in dental plaque and saliva exhibited AHL-degradation capacity and treatment of mock communities with the broad-spectrum AHL-lactonase Aii20J reduced biofilm formation and altered the overall community composition (Muras et al., 2020). Penicillin V acylases are microbially produced enzymes within the choloylglycine hydrolase family able to inactivate AHL-QSM due to structural similarity with the functional residues of native AHL acylases (Liu et al., 2012; Mukherji and Prabhune, 2015; Daly et al., 2021). To date, however, there are scarce reports of their presence in human gut microbiomes wherein bile salt hydrolases predominate. This highlights the importance of substrate specificity and receptor promiscuity when potentially targeting QS in complex microbiomes such as those of foods and the gut.

In addition to enzymatic QQ, there are several reports of QSM produced by one species acting as analogues for other species, potentially mediating microbe-microbe interactions. Whilst, to our knowledge, no direct examples exist pertaining to the human gut microbiome, there are examples from the human skin and anaerobic waste digestion microbiomes. AIP produced by skin commensals such as coagulase-negative staphylococci including Staphylococcus hominis can inhibit the agr system of S. aureus, reducing the expression of phenol-soluble modulin α (PSMα) which undermines skin barrier integrity (Williams et al., 2019).

Whilst, to our knowledge, no clinical trials have been conducted to date in humans, engineered probiotics are being evaluated to harness QS to promote human health and wellbeing. An E. coli Nissle 1917 strain designed to respond to the AHL-QSM 3OC12HSL was shown to eliminate and prevent P. aeruginosa gastrointestinal infections in animal models (Hwang et al., 2017). In another study using a rational design approach, expression of small peptides resembling LuxS active sites reduced AI-2 activity of aquaculture pathogens Edwardsiella tarda, A. hydrophila and V. harveyi (Sun and Zhang, 2016). Given the ubiquity of AI-2 signalling, this approach clearly offers broad cross-disciplinary applicability.

Another approach involves direct oral administration of purified QQ enzymes such as AHL-lactonase, which resisted digestion and attenuated virulence of A. hydrophila in a zebrafish model (Cao et al., 2012). Studies examining feasibility of QSI therapies as applied to human gut microbiomes must take digestive processes into account to ensure delivery to the site of action, as well as evaluating the impact on the structure and composition microbiome. Ex vivo modelling of the human gut offers great promise in modelling the effect of QQ enzyme treatment on the functional and taxonomical composition of the gut microbiome.




Conclusion

The field of quorum sensing research has seen a shift from fundamental to translational science in the past two decades. Nevertheless, despite a preponderance of newly discovered and/or bioengineered quorum sensing inhibitors, several important gaps remain to be addressed so that the therapeutic targeting of quorum sensing systems for the modulation of food and human gut microbiomes may expand as a field.

Firstly, analytical techniques must continue to be developed to augment our capacity to monitor quorum sensing activity and efficacy of quorum sensing inhibitory interventions, particularly for AIP-QS systems and QS within complex matrices such as foods and luminal samples from the human gut. Continued innovation with respect to bioinformatic approaches in particular can further potentiate our understanding of the significance of QS within microbiomes generally, not restricted to those discussed in this review. In this sense, an important consideration in future study design will be the disambiguation of QS gene presence/absence and QS functionality in food and gut microbiomes. Whilst biofilms pose challenges with respect to modelling in a meaningful manner, their ubiquity and potential to act as reservoirs for AMR genetic determinants, food-borne pathogens and specific spoilage organisms are likely to drive efforts to better understand, manage and harness biofilms in foods and in the human gut.

Secondly, many interventions such as specific strains, probiotics, prebiotics and phage, are being investigated with a view to the modulation of complex microbiomes such as those of foods and the human gut. As described earlier, quorum sensing-regulated biofilm production has been shown to improve the survival of probiotic strains during food processing, food fermentations and transit through the human gut. We propose that future studies in this field may consider quorum sensing activity in specific strains as a probiotic trait, where supported by evidence and subject to requisite evaluation. Similarly, strains with QS inhibitory activity could be investigated for their potential clinical or biotechnological applications.

Thirdly, our ability to address AMR can be augmented by better understanding the role of QS in disseminating AMR genes, as well as evaluating QSI agents with a view to the development of anti-virulence therapies and combinatorial agents to enhance the efficacy of existing antibiotics. Here, harnessing systems biology and synthetic ecology approaches will be critical to ensure only the most effective and promising hits are brought through to the preclinical stage.

In conclusion, over the span of a little over 50 years, the field of quorum sensing research has been founded and come to be regarded to be of key importance with respect to microbial physiology in the context of social interactions. Whilst food and human gut microbiomes have received relatively less attention, the accumulated literature points to the presence of quorum sensing molecules and regulated behaviours in these contexts. Further, the abundance and diversity of host receptors to survey bacterial QSM, in addition to the numerous examples of QSI systems across kingdoms of life and environmental niches, has likely arisen due to the ubiquity and evolutionary importance of QS within microbiome science. Addressing the knowledge gaps identified above will help in the critical evaluation of proposed QS and QSI interventions in these contexts, with the potential to positively impact human, animal and ecosystem health.
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Introduction: Staphylococcus aureus is an important pathogen that can form biofilms on food contact surfaces (FCS) in the dairy industry, posing a serious food safety, and quality concern. Biofilm is a complex system, influenced by nutritional-related factors that regulate the synthesis of the components of the biofilm matrix. This study determines the prevalence of biofilm-associated genes and evaluates the development under different growth conditions and compositions of biofilms produced by S. aureus.

Methods: Biofilms were developed in TSB, TSBG, TSBNaCl, and TSBGNaCl on stainless-steel (SS), with enumeration at 24 and 192 h visualized by epifluorescence and scanning electron microscopy (SEM). The composition of biofilms was determined using enzymatic and chemical treatments and confocal laser scanning microscopy (CLSM).

Results and discussion: A total of 84 S. aureus (SA1–SA84) strains were collected from 293 dairy industry FCS (FCS-stainless steel [n = 183] and FCS-polypropylene [n = 110]) for this study. The isolates harbored the genes sigB (66%), sar (53%), agrD (52%), clfB/clfA (38%), fnbA/fnbB (20%), and bap (9.5%). 99. In particular, the biofilm formed by bap-positive S. aureus onto SS showed a high cell density in all culture media at 192 h in comparison with the biofilms formed at 24 h (p < 0.05). Epifluorescence microscopy and SEM revealed the metabolically active cells and the different stages of biofilm formation. CLSM analysis detected extracellular polymeric of S. aureus biofilms on SS, such as eDNA, proteins, and polysaccharides. Finally, the level of detachment on being treated with DNase I (44.7%) and NaIO 4(42.4%) was greater in the biofilms developed in TSB compared to culture medium supplemented with NaCl at 24 h; however, there was no significant difference when the culture medium was supplemented with glucose. In addition, after treatment with proteinase K, there was a lower level of biomass detachment (17.7%) of the biofilm developed in TSBNaCl (p < 0.05 at 24 h) compared to that in TSB, TSBG, and TSBGNaCl (33.6, 36.9, and 37.8%, respectively). These results represent a deep insight into the composition of S. aureus biofilms present in the dairy industry, which promotes the development of more efficient composition-specific disinfection strategies.

KEYWORDS
Staphylococcus aureus, biofilms, extracellular matrix, food contact surface, genotypic characterization


Introduction

Staphylococcus aureus has various implications within nosocomial diseases and foodborne illnesses in terms of public health and economic effect. S. aureus has caused 1,681 illnesses and 86 hospitalizations reported in the foodborne-associated outbreaks in the United States (Dewey-Mattia et al., 2018); decreased animal production and milk production caused by clinical and subclinical mastitis in dairy animals; and increased use of antimicrobials for the treatment and prevention of mastitis and numerous diseases, including abscesses, septicemia, and pneumonia, which could lead to the emergence of antimicrobial resistance (Kumar et al., 2010; Akanbi et al., 2017; Abdi et al., 2018; Elsayed et al., 2019; Zhang et al., 2020). In addition, S. aureus can form biofilm and could be involved in 65–85% of microbial and chronic infections that are associated with biofilm formation reported by the National Institutes of Health (Flemming et al., 2016; Jamal et al., 2018).

Staphylococcus aureus can produce biofilm using different strategies, including (i) expression of the polysaccharide intercellular adhesin (PIA) by the icaADBC operon; (ii) release of extracellular DNA (eDNA); and (iii) expression of numerous surface proteins including MSCRAMMs (microbial surface components recognizing adhesive matrix molecules) (Archer et al., 2011; Dakheel et al., 2016). S. aureus produces a variety of MSCRAMMs such as fibronectin-binding proteins (FnBPs), S. aureus surface protein G (SasG), clumping factors A and B (ClfA, ClfB), the serine/aspartate-rich (Sdr) protein family, and biofilm-associated protein (Bap), which are protein components of the microbial surface that mediate the initial attachment to the surface proteins of host cells or binding to abiotic surfaces generate biofilms (Arciola et al., 2005; Renner and Weibel, 2011; Gutiérrez et al., 2012; Otto, 2018; Schllcher and Horswill, 2020).

Subsequently, the amounts of individual components of the extracellular matrix of S. aureus biofilms such as polysaccharides, glycoproteins, cell-surface-secreted bacterial proteinaceous adhesins, eDNA, and teichoic acids are influenced by different environmental conditions such as the culture medium, different S. aureus isolates, and interaction between different species and the surface (Flemming and Wingender, 2010; Schwartz et al., 2016; Singh et al., 2017; Liu et al., 2018; Sugimoto et al., 2018; Solis-Velazquez et al., 2021).

Staphylococcus aureus can produce biofilm in food processing environments and on equipment, including food contact surfaces (FCSs) (both food contact and non-food contact), pipelines, pasteurizers, and raw milk storage tanks, in the dairy industry (Gutiérrez et al., 2012; Di Ciccio et al., 2015; Avila-Novoa et al., 2018b). The persistence of biofilm in food processing environments is due to equipment designs that are difficult to clean and disinfect, ineffective cleaning of the food manufacturing environment, or interaction of antimicrobials and disinfectants with the extracellular matrix, decreasing their effectiveness, which has hindered strategies for the control of biofilms within the industry (Brooks and Flint, 2008; Bridier et al., 2015; Hall and Mah, 2017).

Biofilm is a potential source of direct and indirect contamination among food products and responsible for damaged equipment or drinking-water distribution, more expensive energy costs, and outbreaks (Møretrø and Langsrud, 2017; Alvarez-Ordóñez et al., 2019; Avila-Novoa et al., 2021; Carrascosa et al., 2021). Biofilms generate major food safety problems and economic losses for the food industry.

Hence, there is a need for knowledge about the factors that regulate the components in the extracellular matrix and the development or growth of biofilms, such as environmental conditions and phenotypic and genotypic characterization of biofilm-forming S. aureus that differ from those in planktonic conditions and which contribute to better adaptation of pathogens in a food processing environment, to establish control measures for the removal of biofilms. Therefore, the main objectives of this research were as follows: (i) to determine the prevalence of biofilm-associated genes in the S. aureus isolates and (ii) to provide useful data about the biofilm development under different growth conditions and the composition of biofilms formed by S. aureus.



Materials and methods


Bacterial strains

A total of 84 S. aureus strains were recovered from FCS in the dairy industry of Jalisco. In brief, 35.7% of enterotoxigenic S. aureus harbored 2–4 enterotoxin genes (sea, seb, sec, sed, see, seh, sei, and sej) (Avila-Novoa et al., 2018a) and 52.3% of the S. aureus contained the icaADBC gene that synthesizes PIA (Avila-Novoa et al., 2018b). Stocks were stored in tryptic soy broth (TSB; Becton Dickinson Bioxon, Le Pont de Claix, France) containing 30% glycerol at 80°C. Working cultures were maintained in TSB for 24 h at 37°C.



Presence of Staphylococcus aureus adhesion and biofilm-related genes

Genomic DNA was extracted from S. aureus strains using a Bacteria DNA Preparation Kit (Jena Bioscience, Dortmund, Germany) according to the manufacturer’s instructions. All S. aureus strains were investigated for the detection of clfB, clfA, fnbA, fnbB, and bap genes by PCR using the protocol of Tang et al. (2013); agrD, sar, and sigB in the DNA were also determined (Kim et al., 2016). The amplification conditions used were as follows: 5 min at 95°C; 35 cycles of 40 s at 95°C, 50 s at different temperatures for different genes (Supplementary Table 3) and 50 s at 72°C; followed by a final extension of 10 min at 72°C. After that, the PCR products were electrophoresed on 1% agarose gel (UltraPure agarose, Invitrogen, Carlsbad, CA, USA), containing green gel loading buffer (Jena Bioscience, Dortmund, Germany) and visualized by transillumination under UV light (UVP, DigiDoc-It Darkroom, Upland, CA, USA). S. aureus ATCC 25923 was used as the positive control.



Evaluation of cell viability and matrix characterization of biofilms under various environmental conditions


Surface preparation and quantification of biofilm formation

Stainless-steel (SS) coupons (AISI 316, 0.8 × 2.0 × 0.1 cm; CIMA Inoxidable, Jalisco, Mexico), prepared as described by Marques et al. (2007), were used as the surfaces for biofilms formation. In brief, the individual sterile SS coupons were introduced into a polypropylene tube (15 ml Centrifuge Tube, Corning CentriStar) containing 10 ml of TSB, TSB + 0.4% glucose (Golden Bell, Zapopan, México) (TSBG), TSB + 4% NaCl (Golden Bell, Zapopan, México) (TSBNaCl), or TSB + 0.4% glucose + 4% NaCl (TSBGNaCl) and then inoculated with 100 μl of the corresponding strain (∼108 cfu/ml). Next, the polypropylene tubes were incubated at 37°C for 24 and 192 h, allowing the formation of biofilm. Bacterial enumeration of biofilms after incubation was conducted as previously described by Avila-Novoa et al. (2021). Three replicates were performed for each strain. S. aureus ATCC 25923 was used as the positive control.



Epifluorescence microscopy and scanning electron microscopy

After 24 and 192 h of incubation, the SS coupons were removed from the polypropylene test tubes containing 10 ml of TSB, TSBG, TSBNaCl, or TSBGNaCl, and the non-adhered cells were eliminated with PBS and vortexed for 10 s. In brief, cell viability was examined by staining cells with 5 (6)-carboxyfluorescein diacetate (CFDA, 10 μg/ml; Sigma-Aldrich, St. Louis, MO, USA) as described by Avila-Novoa et al. (2018b). Epifluorescence microscopy was performed using a Nikon Eclipse E400, a 100x oil immersion lens, and a blue excitation filter (BA 515 B-2A), at an emission wavelength of 450–490 nm. Scanning electron microscopy (SEM) was performed on the SS coupons after 24 and 192 h of incubation using the protocols described by Borucki et al. (2003) and Fratesi et al. (2004). Biofilms were observed using a TESCAN Mira3 LMU scanning electron microscope (Tezcan, Prague, Czech Republic).




Evaluation of biofilms with composition by confocal laser scanning microscopy and detachment assays


Confocal laser scanning microscopy

After incubation at 37°C for 24 and 192 h, the SS coupons were thoroughly rinsed with PBS and vortexed for 10 s to eliminate the non-adhered cells. Then, for observation, the components of the biofilm were exposed to the following three dyes: (i) SYTO 9® Green-Fluorescent Nucleic Acid Stain (Invitrogen, Eugene, OR, USA) (excitation, 476 nm; emission, 500–520 nm) which stains nucleic acids, (ii) FilmTracer™ SYPRO® Ruby Biofilm Matrix Stain (Invitrogen, Eugene, OR, USA) (excitation, 405 nm; emission, 655–755 nm) which labels most classes of proteins, and (iii) WGA, wheat germ agglutinin conjugated with Oregon Green (Invitrogen, Eugene, OR, USA) (excitation, 459 nm; emission, 505–540 nm) which stains N-acetyl-D-glucosamine residues (Oniciuc et al., 2016). Subsequently, microscopic observation and image analysis of biofilms were performed with a Zeiss LSM 700 confocal laser scanning microscope (Carl Zeiss, Germany) and ZEN 2009 V 5.5 Software (Carl Zeiss®, Jena, Germany).



Matrix characterization

Biofilm detachment assays were carried out as described by Oniciuc et al. (2016) and Avila-Novoa et al. (2021). Mature biofilms were treated with (i) proteinase K (PROMEGA, Madison, WI, USA) (0.1 mg ml–1 in 20 mM Tris-HCl: 1 mM CaCl2), (ii) 40 mM NaIO4 in double-distilled H2O, or (iii) 0.5 mg ml–1 DNase I (Roche, Mannheim, Germany) in 5 mM MgCl2, for 2 and 24 h at 37°C. Previously, the mature biofilms were cultivated in TSB, TSBG, TSBNaCl, or TSBGNaCl (37°C for 192 h) and subsequently washed with 0.9% NaCl for treatment. Biomass quantification was performed by measuring the optical density (OD) at 492 nm (OD492) using a Multiskan FC (Thermo Fisher Scientific Inc., Madison, WI, USA). All experiments were performed in triplicate.




Statistical analysis

All experiments were evaluated using analysis of variance (ANOVA), followed by a least significant difference (LDS) test, in the Statgraphics Centurion XVI software program (StatPoint Technologies, Inc., Warrenton, VA, USA). Values of p < 0.05 were considered statistically significant.




Results

Of all isolates, 66% (56/84) harbored sigB, 53% (45/84) sar, 52% (44/84) agrD, 38% (32/84) clfB, 38% (32/84) clfA, 20% (17/84) fnbA, 20% (17/84) fnbB, and 9.5% (8/84) bap. Of the 22 isolates, agrD, sigB, and sar were detected in 26%, and clfA, clfB, fnbA, and fnbB were detected in 13% (Table 1). Subsequently, a selection of three strains of S. aureus (SA-4, SA-33, SA-41) was based on the genotypic and phenotypic characteristics associated with the formation of biofilm, in addition to the risks associated with the consumer by the detection of enterotoxigenic genes involved in food poisoning in previous publications (Avila-Novoa et al., 2018a,b; Table 2). All the tested microorganisms (bap-positive S. aureus [SA-4, SA-33, SA-41]) showed a strong ability to develop biofilms in TSB (8.30–9.04 log10 cfu/cm2), TSBG (7.91–8.53 log10 cfu/cm2), and TSBGNaCl (8.28–8.94 log10 cfu/cm2), compared to TSBNaCl (7.84–8.52 log10 cfu/cm2; p < 0.05) at 24 h; however, the development of the biofilm S. aureus was favored at 192 h (p < 0.05) (Figure 1). Generally, S. aureus formed a higher cellular density biofilm in TSBGNaCl (9.14–9.56 log10 cfu/cm2) in comparison with TSBNaCl (8.25–8.89 log10 cfu/cm2; p < 0.05) and TSBG (8.34–9.47 log10 cfu/cm2; p < 0.05) at 192 h. Besides that, S. aureus biofilm had a lower biomass biofilm in TSBNaCl in comparison with TSB (8.94–9.35 log10 cfu/cm2; p < 0.05); there was no difference between TSBNaCl and TSBG (p > 0.05), TSBG and TSB (p > 0.05), and TSB and TSBGNaCl (p > 0.05) at 192 h (Figure 1). Furthermore, there was no significant difference in the biofilm formation capacity of SA-4, SA-33, SA-41, and S. aureus ATCC 25923 in unsupplemented TSB (24–192 h; p > 0.05). A comparison of supplemented media showed that TSBG decreased the cell density (<1 log10 cfu/cm2) of SA-33 and SA-41 (TSBG; p < 0.05); TSBGNaCl decreased that of SA-4, SA-41, and S. aureus ATCC 25923 (p < 0.05), and TSBNaCl that of SA-33 and S. aureus ATCC 25923 (p < 0.05) at 24 h. The cellular density of biofilm of SA-4, SA-33, and SA-41 on TSBG (p < 0.05) and that of SA-33 on TSBNaCl (p < 0.05) was decreased compared to the cell density of SA-41 which increased (>1 log10 cfu/cm2) on TSBGNaCl (p < 0.05) at 192 h. Epifluorescence micrographs showed adhered-embedded cells in possible extracellular polymeric substances (EPS) and microcolonies made up of metabolically active cells (Figures 2A–C). In addition, SEM analysis showed the different stages of biofilm formation with adhered cells, forming microcolonies embedded in EPS, or maturation and dispersal of cells, highlighting the rheological structure of the biofilm (Figures 2D–F).


TABLE 1    Frequency of agrD, sar, sigB, and adhesin genes in Staphylococcus aureus isolates from food contact surfaces (FCSs) in the dairy industry.
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TABLE 2    Characteristics associated with biofilm formation of Staphylococcus aureus in this study.
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FIGURE 1
Cell density of S. aureus biofilms developed in different enriched media at 24 and 192 h of maturity. Different lowercase letters indicate significant differences between S. aureus strains on the same growth medium at 24 h of development and uppercase letters at 192 h, according to the Tukey test (p < 0.05). TSB, Tryptic soy broth; TSBG, TSB + 0.4% Glucose; TSBNaCl, TSB + 4% NaCl; TSBGNaCl, TSB + 0.4% Glucose + 4% NaCl.
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FIGURE 2
Biofilms of isolates S. aureus [SA-4 (A,D), SA-33 (B,E), and SA-41 (C,F)] from food contact surfaces (FCS). Biofilms were developed on stainless steel through 192 h of incubation in different medium at 37°C and visualized with epifluorescence microscopy (top row) and SEM (bottom row). SA, S. aureus; TSB, Tryptic soy broth; TSBG, TSB + 0.4% Glucose; TSBNaCl, TSB + 4% NaCl; TSBGNaCl, TSB + 0.4% Glucose + 4% NaCl.


Additionally, the components of the SA-4, SA-33, and SA-41 biofilms were determined by the detachment of the biofilm according to the medium in which it was developed (Figure 3). The level of the detachment of the biofilms developed after the treatments with NaIO4, DNase I, and proteinase K with an exposure time of 2 h was lower compared to that at 24 h (p < 0.05). After treatment with NaIO4 and proteinase K, there was a lower level of the detachment of the biomass of the biofilm developed in TSBNaCl (p < 0.05 at 2 h) compared to TSBG; however, there was no significant difference after treatment with DNase I in the biofilms developed in TSB, TSBG, TSBNaCl, and TSBGNaCl (p > 0.05 at 2 h). In general, after treatment with DNase I, the level of biomass detachment was greater (44.7%) of the biofilm developed in TSB compared to TSBNaCl and TSBGNaCl (20.5 and 33.1%, respectively) (p < 0.05 at 24 h). The effects with NaIO4 was a greater level of biomass detachment (42.4%) of the biofilm developed in TSB compared to TSBNaCl (17.9%; p < 0.05 at 24 h); however, there was a significant difference in detached biofilm biomass generated between TSBG and TSBNaCl (p < 0.05 at 24 h) and TSBNaCl and TSBGNaCl (p < 0.05 at 24 h). In addition, after treatment with proteinase K, there was a lower level of biomass detachment (17.7%) of the biofilm developed in TSBNaCl (p < 0.05 at 24 h) compared to that in TSB, TSBG, and TSBGNaCl (33.6, 36.9, and 37.8%, respectively). SA-33 and SA-41 showed less detachment of biofilm biomass after the treatments with NaIO4, DNase I, and proteinase K compared to SA-4 (p < 0.05, at 2–24 h). Confocal laser scanning microscopy (CLSM) analysis in conjugation with three different fluorescent dyes was used to observe the biofilm production of S. aureus, and the results indicated that these biofilms were composed of bacterial cells and EPS. Biofilm matrices of SA-4, SA-33, and SA-41 were formed by different S. aureus and EPS such as eDNA (Figures 4A–D), proteins (Figures 4E–H), and polysaccharides adhesin (Figures 4I–L).
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FIGURE 3
Percentage reduction of S. aureus biofilms after treatment with DNase I, NaIO4, or proteinase K at 2 and 24 h of maturity. SA, S. aureus; TSB, Tryptic soy broth; TSBG, TSB + 0.4% Glucose; TSBNaCl, TSB + 4% NaCl; TSBGNaCl, TSB + 0.4% Glucose + 4% NaCl.
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FIGURE 4
Biofilm matrix structures obtained from CLSM observation of S. aureus ATCC 25923 (A,E,I), SA-4 (B,F,J), SA-33 (C,G,K), and SA-41 (D,H,L) isolates from FCS on stainless steel through h of incubation in 37°C for 192 h in different medium. SA, S. aureus; TSB, Tryptic soy broth; TSBG, TSB + 0.4% Glucose; TSBNaCl, TSB + 4% NaCl; TSBGNaCl, TSB + 0.4% Glucose + 4% NaCl.




Discussion

Staphylococcus aureus can generate biofilms on FCS within the dairy industry, affecting the quality and safety of food products. In brief, this pathogen causes outbreaks of foodborne illnesses associated with the consumption of milk and dairy products, and cow clinical and subclinical mastitis, which leads to huge economic losses.

In this study, the prevalence of genes encoding for the adhesion factors revealed 20% for (fnbA/fnbB) and 38% for (clfA/clfB) in the 84 S. aureus strains recovered from FCS in the dairy industry of Jalisco (Avila-Novoa et al., 2018a). Similar observations have also been reported by other investigators (Tang et al., 2013; Gogoi-Tiwari et al., 2015; Azara et al., 2017; Azmi et al., 2019; Liu et al., 2020; Zaatout et al., 2020) who reported similar percentages (clfA [2.3–41.6%], clfB [4.6%], fnbA [0–54.5%], and fnbB [1.3–68.7%]) for the prevalence of some of the adhesion genes. Also, Azara et al. (2017); Vergara et al. (2017), and Zhang et al. (2020) found no evidence of the fnbA or fnbB genes in S. aureus. Additionally, 9.5% of the S. aureus isolates had bap which has been associated with S. aureus of bovine mastitis origin and with ica-independent biofilm formation (Arciola et al., 2001; O’Gara, 2007; Archer et al., 2011; Salgado-Ruiz et al., 2015; Aslantaş and Demir, 2016).

In contrast, a considerably greater prevalence of clfA (50–100%), clfB (80.2–100%), fnbA (72.8–100%), and fnbB (80.3–100%) genes have been found in S. aureus isolates collected from milk samples from cows with clinical and subclinical mastitis, pasteurized milk, chicken, food poisoning outbreaks, pork, and slaughtered goats (Tang et al., 2013; Aslantaş and Demir, 2016; Pereyra et al., 2016; Azara et al., 2017; Vergara et al., 2017; Dai et al., 2019; Liu et al., 2020; Zhang et al., 2020). Also, the bap gene was not detected in isolates of S. aureus by Tang et al. (2013); Pereyra et al. (2016), and Liu et al. (2020).

This suggests that a variety of virulence factors such as ClfA, ClfB, FnbA, FnbB, and Bap are involved in the initial attachment to the surface proteins of host cells and colonization of the mammary gland by S. aureus. Besides, binding to abiotic surfaces such as FCS, these virulence factors are involved in the initial stage of biofilm formation or with components inside EPS to give biofilm stability.

Nevertheless, the variation in the prevalence of S. aureus virulence factors in this study could be associated with the genetic diversity of strains, epidemiological factors where different sources or mechanisms of contamination in the food processing environment are involved in each of the developed countries, and the source and sizes of samples or their geographic locations. Some virulence factors of S. aureus are encoded in plasmids or phages which can be transferred between bacteria by horizontal gene transfer where the exchange and transfer of genes are facilitated by biofilm formation (Fueyo et al., 2005; Beceiro et al., 2013; Derakhshan et al., 2021).

Biofilm formation by S. aureus not only involves the icaADBC operon, agr locus, and quorum-sensing mechanisms (QS) but also other biofilm-associated genes such as arlRS, bap, hla, rbf, sar, sigB, tcaR, and trap (Tsang et al., 2008; Ciftci et al., 2009; Aslantaş and Demir, 2016; Kim et al., 2016; Sankar Ganesh et al., 2019). Following other studies (Kim et al., 2016; Avila-Novoa et al., 2021), we found that the presence of sigB, sar, and agrD genes was associated with the regulation and formation of biofilms; also, agr regulates the production of biofilms, including the detachment of biofilm, and then the expression of virulence-associated gene expression helps in dissemination of S. aureus (Boles and Horswill, 2008; Paharik and Horswill, 2016). However, the absence of regulators such as sigB, agrD, and sar in isolates S. aureus could be for the presence of other regulators such as MgrA and ArIRS have also been linked to biofilm formation. Hence, three strains of different bap-positive S. aureus were investigated for evaluation of cell viability and matrix characterization of biofilms under various environmental conditions. In this study, we also found that the cell density of bap-positive S. aureus biofilms is higher in medium supplements with glucose (8.34–9.47 log10 cfu/cm2 in TSBG) or glucose and NaCl (9.14–9.56 log10 cfu/cm2 in TSBGNaCl) at 192 h (p < 0.05). Besides, the cell density of a biofilm is lower in TSBNaCl (24–192 h; p < 0.05) (Figure 1). The observations emphasize the fact that the ability to form biofilm is complex when using medium supplements (TSBG, TSBNaCl, and TSBGNaCl) compared to TSB. Similar observations have also been reported by other investigators (O’Neill et al., 2007; Croes et al., 2009; Srey et al., 2013): the evidence of glucose or NaCl induce biofilm formation for S. aureus. This could be associated with the fact that the supplements favor the pre-conditioning of the surface and irreversible adhesion for the formation of the biofilm and are associated with the genotypic characteristics of S. aureus (Table 2). Likewise, Cucarella et al. (2001) reported that bap-positive S. aureus can form biofilm even though its icaADBC operon was disrupted. Also, pre-conditioning influences the chemical and physical properties of the substrate/fluid interface making it a more favorable environment for bacterial adhesion (Chmielewski and Frank, 2003; Lorite et al., 2011).

The presence of high concentrations of glucose in the medium decreases pH due to catabolism; however, this represses agr-locus favoring the biofilm formation of S. aureus (O’Neill et al., 2007; McCarthy et al., 2015; Paharik and Horswill, 2016). Taglialegna et al. (2016) determined the expression of bap and the formation of the biofilm of S. aureus V329 (Bap-positive) in LB-glucose, concluding that Bap promotes the aggregation de Bap-positive strains and the development of the biofilm, where the pH decreases (pH < 5) due to the growth of S. aureus in the LB-glucose medium. Likewise, Sugimoto et al. (2018) argue that low pH limits the production of extracellular proteases, inducing the association of surface proteins in the extracellular matrix and promoting the formation of biofilms. Lade et al. (2019) determined differences in biofilm formation when there are NaCl supplements (1–2%) to the TSB and they associate it with the loose attachment of S. aureus biofilms to the surface due to an excess of NaCl. There is an association between methicillin-sensitive S. aureus (MSSA) or methicillin-resistant S. aureus (MSRA) and ica-dependent biofilm. O’Neill et al. (2007) determined that NaCl-induced biofilm development was significantly more prevalent in MSSA clinical isolates compared with MRSA; however, various external signals, such as pH, incubation temperatures, ingredients composition (glucose, sodium chloride, ethanol, caseins, serum albumin, fibrin, and dilution rate of media), and CO2, (Kumar et al., 2017; Miao et al., 2017; Solis-Velazquez et al., 2021), can alter the regulation and the expression of biofilm-associated genes and regulators and/or biofilm development.

Overall, biofilm S. aureus matrix presented greater detachment of biofilm after DNase I (44.7%) and NaIO4 (42.4%) treatment in TSB as compared to low detachment of biofilm in TSBNaCl (p < 0.05 at 24 h) (Figure 3). Dakheel et al. (2016) and Oniciuc et al. (2016) reported similar percentages of polysaccharide levels (20–52%) for S. aureus isolates from different systemic infections, dairy products, fish and fish products, and meat and meat products. In contrast, other researchers, Fredheim et al. (2009) and Solis-Velazquez et al. (2021), have reported low biofilm detachment after DNase I treatment in S. epidermidis (20%) and S. aureus (7.95%).

In addition, after treatment with proteinase K, there was a lower level of biomass detachment (17.7%) of the biofilm developed in TSBNaCl (p < 0.05 at 24 h) compared to that in TSB, TSBG, and TSBGNaCl (33.6, 36.9, and 37.8, respectively) in this study. A similar observation was also reported by Dakheel et al. (2016) and Oniciuc et al. (2016), who showed detachment of biofilm for S. aureus strains isolated from isolates of different systemic infections and food sources after proteinase K treatment (39–70%). Likewise, Shukla and Rao (2017) showed that bap-positive S. aureus V329 and other S. aureus (SA7, SA10, SA33, and SA352) bovine mastitis isolates had a biofilm detachment of about 60–84% after proteinase K treatment. In contrast, Fredheim et al. (2009) and Solis-Velazquez et al. (2021) have reported low biofilm detachment after proteinase K treatment in S. epidermidis (10%) and S. aureus (12.5%). However, proteinase K treatment did not affect the bap-mutant S. aureus M556 or bap-negative S. aureus biofilm (Shukla and Rao, 2013, 2017).

Our data showed that the different levels of polysaccharide, proteins, and eDNA after treatments may be associated with the expression or regulation of the icaADBC operon, agr-locus, etc., in S. aureus, biofilm age, environmental factors, and conditions of treatment enzymatic such as concentration, period of contact, type surface etc. Bai et al. (2021) argue that the surface materials, growth conditions, and biofilm maturity affected the composition of complex extracellular matrixes (ECMs) of S. aureus. Clearly, eDNA is one of the main components of the biofilm in this study; however, eDNA plays several roles such as bacterium surface adhesion by modulation of charge and hydrophobicity interactions between the bacteria and the abiotic surface (Nguyen et al., 2016) and chelates divalent cations, which triggers a genetic response to increase pathogenicity and resistance to antimicrobials (Okshevsky and Meyer, 2015). Abdallah et al. (2014) argue that the increase in the biofilm age also promoted increases in the proteins and carbohydrates in the matrix of the S. aureus biofilm.

NaIO4 can modify PIA/poly N-acetylglucosamine (PNGA) polymer chains by cleaving C3-C4 bonds in exopolysaccharide residues and oxidizing carbons to produce vicinal hydroxyl groups (Chaignon et al., 2007). Nevertheless, the low or high level of exopolysaccharides after NaIO4 treatment in MRSA may be due to differences both in the amount of O-linked acetates with succinate and acetylation levels of amino groups (Spiliopoulou et al., 2012; Dakheel et al., 2016). Besides, polysaccharides are not the only component within the biofilm matrix, there are other components such as eDNA, proteins, and lipids, that interact with each other and can affect detachment. Likewise, Oniciuc et al. (2016) proved that protein-based matrices are of prime importance for the structure of biofilms formed by S. aureus strain isolates from food sources; however, the biofilms are composed of different types of proteins, which may vary from one S. aureus strain to another (Chaignon et al., 2007). The results obtained by CLSM allowed visual analysis of the concurrent distribution of eDNA, protein, and polysaccharide components within the biofilms and SEM enable observation of the biofilm architecture (EPS and embedded bacterial cells) (Figures 2, 4). The heterogeneity of the biofilm matrix limits the effect of the biocides and/or by quenching their action (Araújo et al., 2013; Lutskiy et al., 2015). However, in this study, it is suggested that proteinase K and DNase I allow the dispersion of the biofilm, or they could be facilitating the penetration of other biocides into the biofilm. The proteinase K has a synergistic effect when associated with antibiotics, and DNase I has anti-biofilm activity against S. aureus biofilm (Kaplan et al., 2012; Shukla and Rao, 2013, 2017). Consequently, it is very urgent and significant to establish control strategies and prevention methods in food industries where they have incorporated the use of two or several successive treatments that may be necessary for a sufficient remotion of biofilm produced by S. aureus.



Conclusion

Most of the S. aureus strains isolated from FCS in the dairy industry of Jalisco harbored virulence-associated genes, and in addition, they carried genes associated with the formation of biofilms. The biofilms formed with the selected strains showed different compositions of EPS. Our study showed that the proportion components that make up the extracellular matrix are associated with factors such as culture media and genetic characteristics of the S. aureus isolates. Determining the virulence potential of S. aureus is important in terms of public health, as is risk identification in milk and dairy products because they provide critical information for microbiological and chemical risk assessment.
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Gene ID Gene (ol ehange) PYAUe  FDR  Gene description

Flagellar assembly

SBALG78_RS39020  flght 121 308x 10 188x 10~ Flagellar biosynthesis anti-sigma factor
SBALG78_RS38990  flgD 108 939x10° 268 10" Flagellar hook assembly protein
SBALG78_RS38815 N 095 151%10° 002 Flagellar motor switch protein
SBALG78_RS38975  flgG 0.89 780x 10 132x 107 Flagellar basal-body rod protein
SBALG78_RS38970  flgH 078 143107 002 Flagellar basal body L-ring protein
SBALG78_RS38995  flgC 076 930x 10 1.49x 10" Lagellar basal body rod protein
SBALG7S_RS38985  flgE 072 153107 002 Flagellar hook protein
SBALG78_RS38855  fiF 072 251x 107 003 Flagellar basal body M-ring protein
SBALG7S_RS38980  flgF 070 225x 107 003 Flagellar basal-body rod protein
SBALG78_RS38955 gk 065 290107 003 Flagellar hook-assaciated protein
SBAL678_RS46955  flik 134 211%10" 26210 Flagellar hook-length control protein
SBALG78_RS38965  flgl 072 239%10° 003 Flagellar basal body P-ring protein
SBALG78_RS30420  pomA 081 562x10° 187 10" Flagellar motor protein
SBAL678_RS30425  moth 07 219% 10" 003 Flagellar motor protein

Fatty acid metabolism and degradation

SBALG78_RS23420  fadB 236 802x 10" 230x 107 Fatty acid oxidation complex subunit
SBAL678_RS23415  fadA 215 176107 437x 107" gene_description
SBALG78_RS37715  fad] 153 175107 298x10*  Fattyacid oxidation complex subunit
SBALG78_RS37720  fadl 120 622x107  528x 10" Acetyl-CoA C-acyltransferase
SBALG78_RS33045  fadD 113 90710 446 10”  Long-chain-fatty-acid--CoA ligase
SBALG78_RS36810  fabA -083 625% 10" 001 Bifunctional 3-hydroxydecanoyl-ACP dehydratase/trans-2-decenoyl-ACP isomerase
SBALG78_RS32300  fabB. -113 700% 10 221x 107 ketoacyl-ACP synthase I1l
SBALG78_RS32515  acs 186 208% 107 111X 107" Acetate-CoA ligase
SBALG78_RS43885  acnB 0.88 224x10*  144x 10" Bifunctional aconitate hydratase 2/2-methylisocitrate dehydratase
SBALG78_RS44375  prpC 071 294x10° 003 2-methylitrate synthase
SBAL678_RS36490  sucD -070 487107 004 Succinate-CoA ligase subunit alpha
Transport RNA

SBALG78_RS36755 -190 1243107 129x10°  (RNA-Leu

SBALG78_RS3195 -188 172107 002 RNATyr

SBALG78_RS32495 -181 375% 107 004 RNALys

SBALG78_RS38230 -162 934x10°  268x 107 (RNA-Val

SBALG78_RS36765 -162 544x10°  295x 10 (RNA-Gly

SBALG78_RS34190 -157 258107 003 RNATyr

SBALG78_RS37180 -15 518x10°  181x 107 (RNAle

SBALG78_RS35065 -147 183107 455x107  (RNA-Val

SBALG78_RS39045 ~145 448 %107 004 RNA-Arg

SBALG78_RS40785 -138 184X 107 455x 107  (RNA-Leu

SBALG78_RS39860 -13 120107 002 (RNA-Ser

SBALG78_RS37175 -130 104 107 002 RNA-Ala

SBALG78_RS31635 -129 356% 107 004 tRNA-Pro

SBALG78_RS38195 ~L16 471107 906x 107 tRNA-Ala

SBALG78_RS40675 -1L16 68410 0.01 RNA-Met





