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2(5H)-Furanone Disrupts Bacterial Biofilm Formation and Indirectly Reduces the Settlement of Plantigrades of the Mussel Mytilus coruscus
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Bacterial quorum sensing (QS) is a chemical communication that allows bacteria to coordinate their population and gene regulation in response to threshold concentrations of QS signals. Here, we study the effect of QS inhibitor 2(5H)-furanone (FUR) on the formation of Pseudoalteromonas marina ECSMB14103 biofilms and the effect of these biofilms on the settlement of plantigrades of the mussel Mytilus coruscus. FUR was added during biofilm formation of P. marina ECSMB14103 or in the settlement bioassay. FUR at 10–4 M added during biofilm formation significantly (p < 0.05) reduced the settlement of plantigrades, and it was associated with a significant (p < 0.05) reduction of bacterial density. The visualization of individual substances in biofilms shows that β-polysaccharides are the major components in the biofilm matrix. The decreased settlement rate may be attributed to the reduction of the biovolume of α-polysaccharides and β-polysaccharides in biofilms. The transcriptome of biofilms treated with 10–4 M FUR shows 61 genes are differentially expressed. Aspartate kinase and the flagellar assembly protein fliH gene are significantly affected after exposure to 10–4 M FUR (p < 0.05). They are involved in the synthesis of the bacterial cell wall and the mobility of bacteria, respectively. Exposure to 10–4 M FUR also significantly changes the carbapenem biosynthesis pathway, which is regulated by the QS system in bacteria (p < 0.05). These data suggest that FUR directly affects biofilm formation by altering extracellular polymeric substances (EPS) components and metabolic processes, which, in turn, indirectly reduce the settlement of plantigrades. The present study provides new insights into the molecular mechanisms of controlling biofouling.
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INTRODUCTION

In marine environments, biofilms are the aggregation of microorganisms embedded in extracellular polymeric substances (EPS) on all submerged substrata (Wahl et al., 2012; Dobretsov et al., 2013; Flemming et al., 2016). Biofilms are composed of various inhabitants, including bacteria, diatoms, fungi, and protozoa (Qian et al., 2007; Callow and Callow, 2011). Biofilms are one of the driving forces for mediating habitat selection and the onset of the settlement behavior of various sessile marine organisms (Bao et al., 2007b; Wahl et al., 2012; Wang et al., 2012). Of the different biofilm components, the functions of bacteria and bacterial community composition are crucial for mediating invertebrate larval settlement (Maki et al., 1989; Chung et al., 2010; Hadfield, 2011; Dobretsov and Rittschof, 2020).

Monospecific bacterial biofilms are shown to modulate larval settlement of many marine invertebrates (Huggett et al., 2006; Bao et al., 2007a; Tran and Hadfield, 2011; Nasrolahi et al., 2012). In mussels, those monospecies biofilms can also promote the settlement of Mytilus coruscus (Yang et al., 2013; Li et al., 2014; Peng et al., 2020b). Because many monospecific bacterial biofilms induce a distinct settlement rate at various cell densities, the density-based underlying mechanisms of bacteria warrant further analysis (Yang et al., 2013; Li et al., 2014).

Bacteria have evolved a density-dependent regulatory system named quorum sensing (QS), which allows them to coordinate and reorganize microbial activity, such as biofilm maturation, swarming, luminescence, and virulence factors (Waters and Bassler, 2005; Steinberg et al., 2011). N-acyl homoserine lactones (AHLs) are signal molecules used by many Gram-negative bacteria (Dobretsov et al., 2013). The intracellular regulatory mechanisms of QS are bacterial density-dependent molecular mechanisms through the activation of transcriptional regulators by binding with the diffusible signal molecules at a certain threshold concentration (Antunes et al., 2010). Because bacteria facilitate the larval settlement of many marine invertebrates, disruption of bacterial biofilms can reduce the attractiveness of the substratum to invertebrate larvae (Dobretsov et al., 2007). QS inhibitors have been applied in biofouling and the aquaculture industry to prevent the macrofouling or to control vibriosis (Dobretsov et al., 2011; Galloway et al., 2012; Pande et al., 2013). QS inhibitors are generally believed to put less selective pressure on bacteria and, therefore, reduce the risk of drug-resistant bacteria (Defoirdt et al., 2004, 2010; Rasmussen et al., 2005; Lönn-Stensrud et al., 2007; von Bodman et al., 2008).

The halogenated furanones initially extracted from the red algae Delisea pulchra are shown to act as antifouling compounds or biofilm formation inhibitors (Maximilien et al., 1998; De Nys et al., 2006; Janssens et al., 2008; Dobretsov et al., 2011). It is shown that natural furanones disturb the QS system in many species of microorganisms (Ren et al., 2004; Roy et al., 2010). 2(5H)-Furanone (FUR) is reported to be a QS inhibition compound against various AHLs and inhibit biofilm formation (Ponnusamy et al., 2010). Moreover, FUR reduces bacterial mobility and biofilm formation, interfers with QS activity, and exerts antimicrobial effects against the pathogen Campylobacter jejuni (Castillo et al., 2015). Although the reduction of larval settlement after treatment with QS inhibitors has been described (Dobretsov et al., 2007), the gene regulatory mechanisms remain elusive.

The present study aims to investigate the mode of action of FUR on the formation of monospecies biofilms of Pseudoalteromonas marina ECSMB14103 and the settlement of plantigrades of the mussel M. coruscus. We demonstrate that FUR mediates the settlement of plantigrades indirectly by regulating the biofilm formation (e.g., EPS production). The transcriptome reveals the genetic basis of the modified biofilms exposed to FUR during biofilm formation.



MATERIALS AND METHODS


Ethics Statement

The mussel M. coruscus is a common aquaculture bivalve species in Zhoushan (Zhejiang Province, China), and it is not endangered. The animal ethics committee of Shanghai Ocean University approved the experimental protocol for mussel acclimation and experimentation (SHOU-DW-2018-013).



Bacterial Strain and Formation of Monospecific Bacterial Biofilms

The bacterial strain P. marina ECSMB14103 was isolated from natural marine biofilms formed in the East China Sea (Peng et al., 2018). The preparation of P. marina ECSMB14103 biofilms was performed as described previously (Yang et al., 2013; Li et al., 2014). P. marina ECSMB14103 was cultured in Zobell 2216E broth at 25°C for 24 h. Then bacteria cultures were centrifuged (1600 g, 15 min). Cell pellets of bacteria were washed, resuspended, and centrifuged three times to remove residual culture media. The cell pellets were resuspended in 50 mL of autoclaved filtered seawater (AFSW), followed by 100 dilutions before filtering through 25 mm Whatman® Nuclepore 0.2 μm filters (Whatman, United Kingdom). Cells were stained by 0.1% acridine orange (AO) (Sigma-Aldrich, St. Louis, MO, United States) for 5 min, and bacterial densities were determined under an Olympus BX51 epifluorescence microscope with excitation/emission wavelengths of 490/519 nm (Yang et al., 2013; Li et al., 2014). Ten random fields of view were counted for each filter. Three biological replicates were conducted for each treatment group.



Preparation of Treated P. marina ECSMB14103 Biofilms

2(5H)-Furanone (FUR, Sigma 283754) was diluted in AFSW to prepare a stock solution of 10–2 M. The stock solution was prepared fresh and used on the same day. The stock solution was then diluted to the desired concentration (10–3 M, 10–4 M, and 10–5 M). The experiment was composed of two treatments: (1) FUR was added during the formation of P. marina ECSMB14103 biofilms, and FUR was not added during the settlement of plantigrades bioassay; (2) the formation of P. marina ECSMB14103 biofilms occurred in the absence of FUR, and FUR was added during the settlement of plantigrades bioassay. Bacterial biofilm formation was conducted in sterile glass Petri dishes containing one piece of sterile glass coverslip (38 mm × 26 mm); 108 cells of P. marina ECSMB14103 were added with FUR (final concentration: 10–3 M, 10–4 M, and 10–5 M) and without FUR (control group). The dishes were incubated at 28°C for 48 h. The control group (CTR) was prepared without adding FUR during or after bacterial biofilm formation. No adding of FUR or bacterial cells in the Petri dish containing a sterile glass slip was set up as the negative control (NC). The unattached bacterial cells were removed by gentle washing three times with 60 mL AFSW. The bacteria firmly attached to the surfaces of glass slips were considered as attached P. marina ECSMB14103 biofilms.



Culture of Plantigrades

Plantigrades (0.77 ± 0.15 mm in shell length and 0.52 ± 0.09 mm in shell width) were supplied by the Shengsi Service Center of Marine Science and Technology Development (Zhoushan, China) and shipped to Shanghai Ocean University on the same day (Shanghai, China). Plantigrades were cultured in 15-L polycarbonate tanks with filtered seawater (acetate-fiber filter: 1.2 μm pore size) at an initial density of 1 plantigrades mL–1 at 18°C. The algae Platymonas helgolandica var. tsingtaoensis were supplied to the mussel as a food source (1 × 104 cells ml–1). The seawater was renewed every day. Plantigrades were acclimated for 1 week before settlement bioassays.



Enumeration of Bacterial Density

Pseudoalteromonas marina ECSMB14103 biofilms were fixed in 5% formalin solution for a maximum duration of 3 weeks. Three replicate biofilms from each experimental treatment group were carried out. Samples were first washed with AFSW and stained by 0.1% AO for 5 min. Bacterial densities were determined under an Olympus BX51 epifluorescence microscope as previously described (Li et al., 2014). Three biological replicate biofilms were examined for each treatment group, and the biofilm biovolumes were evaluated by 10 random fields of view.



Settlement Bioassays

Settlement bioassays were carried out as previously described (Yang et al., 2013; Li et al., 2014). Ten plantigrades were transferred into individual glass Petri dishes (Ø64 mm × 19 mm height) containing 20 mL of AFSW (with or without FUR) and a P. marina ECSMB14103 biofilm or treated biofilms. The induction rate was evaluated by the percentage of settled plantigrades after 24 h. Plantigrades that attached to the surface of the glass slip by byssal threads were considered “settled.” Nine biological replicates were examined for each treatment group. Assays were performed at 18°C in darkness.



Biofilm Staining Procedure

The 10–4 M FUR-treated biofilms were selected for biofilm staining due to the lowest plantigrade settlement rate for comparing the individual components in the biofilm matrix. The visualization of proteins, lipids, α-polysaccharides, and β-polysaccharides in the P. marina ECSMB14103 biofilms was carried out by following a previously described method (González-Machado et al., 2018; Liang et al., 2020). Four fluorescent dyes, including fluorescein isothiocyanate isomer I (FITC), DiIC18(5) oil, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate (DiD′oil; Invitrogen D307), concanavalin A, tetramethylrhodamine conjugate (ConA-TmR; Invitrogen C860), and calcofluor white M2R (CFW; Sigma 18909) were used for staining the proteins, lipids, α-polysaccharides, and β-polysaccharides, respectively. Four working solutions were prepared in 150 mM NaCl solution: 46.6 μg/ml FITC (stock solution: 2 mg FITC in 100 μL absolute ethanol), 79.4 μg/mL DiD′oil (stock solution: 25 mg DiD′oil in 2.5 ml of absolute ethanol), 944.8 μg/mL ConA-TMR (stock solution: 10 mg ConA-TMR in 2 ml distilled water with 168 mg NaHCO3), and 189 μl/ml CFW. P. marina ECSMB14103 biofilms in glass slides were rinsed with 150 mM NaCl solution and treated with 50 μL working solution for 20 min. The glass slides were rinsed again with 150 mM NaCl solution and allowed to air dry. Image acquisition was performed by confocal laser scanning microscopy (Leica TCS SP8) using the 63 × objective with oil immersion (Liang et al., 2020). For image analysis, the biovolume of proteins, lipids, α-polysaccharides, and β-polysaccharides were calculated using FIJI software (Schindelin et al., 2012). For each staining treatment group, seven replicates were performed.



RNA Isolation, cDNA Library Construction, and Illumina Sequencing

Pseudoalteromonas marina ECSMB14103 biofilms treated with 10–4 M FUR during biofilm formation were further analyzed by Illumina sequencing. The biofilms were scraped from the surface of the glass slides into a sterile 1.5 mL tube. Total RNA was extracted with the RNAiso Plus reagent according to the manufacturer’s instructions (Takara, Japan) and treated with DNAse for removing genomic DNA.

The sequencing libraries were prepared following the TruSeqTM RNA sample preparation Kit from Illumina (San Diego, CA, United States) using 2 μg of total RNA. RNA-seq sequencing was performed with the Illumina HiSeq X Ten (Reuter et al., 2015; Li et al., 2019) with 150 bp pair-end reads at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). Raw sequences have been submitted to the NCBI database under the accession number: SRP226488.



Bioinformatic Analysis

Clean reads were obtained from raw reads by discarding the adapter sequences and removing low-quality sequences and sequences with more than 5% of unknown bases. The clean reads were mapped to the P. marina ECSMB14103 genome (NCBI accession number: CP023558) using the Bowtie2 software (Langmead and Salzberg, 2012). The expression level for each transcript for each gene was calculated by RSEM (Li and Dewey, 2011) using a transcript per million mapped reads (TPM) method. The differentially expressed genes (DEGs) between the two treatment groups were performed by EdgeR (Robinson et al., 2010), and genes with FDR value ≤0.05 and | log2FC| ≥ 2 were assigned as differentially expressed. KOBAS 2.01 was applied to identify significantly enriched KEGG pathways using Fisher’s exact test. Benjamini–Hochberg (BH) multiple testing correction was used for p-value correction. The corrected p-value ≤ 0.05 was considered to be significantly different.



Statistical Analysis

The settlement of plantigrade data expressed in percentages was arcsine-transformed before the normality and homogeneity of variance. The bacterial cell densities and the settlement data were compared by Wilcoxon/Kruskal–Wallis test after being tested for normality (Shapiro–Wilk test) and homogeneity (O’Brien test) using JMPTM software (SAS Institute, Shanghai, China). The analysis of the biovolume of α-polysaccharides, β-polysaccharides, proteins, and lipids were carried out using Student’s t-test. A p-value < 0.05 was considered significantly different.



RESULTS


The Effect of Treated P. marina ECSMB14103 Biofilms on Plantigrade Settlement

The percentage of the settlement of M. coruscus plantigrades on the P. marina ECSMB14103 developed in the absence of FUR exposure (CTR) was 46 ± 6% (Figure 1). In the NC, the percentage of the settlement was 12 ± 4% (Figure 1). Addition of FUR during the settlement assay did not affect the percentage of settlement compared to the CTR group. The biofilms developed in the presence of 10–3 M and 10–4 M FUR significantly reduced the settlement of plantigrades compared to the CTR group (p < 0.05, Figure 1).
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FIGURE 1. Percentages of the settlement of M. coruscus plantigrades. Significant differences (p < 0.05) are represented by different letters above the columns. Control (CTR), P. marina ECSMB14103 biofilm prepared on a sterile glass slide without adding FUR; negative control (NC), non-biofilm glass slide.




The Effect of FUR on Bacterial Densities and Individual Components in Biofilms

Bacterial densities were significantly increased in the biofilms treated with 10–3 M FUR compared to the CTR biofilms (p < 0.05, Figure 2). Treatment of biofilms with 10–4 M FUR significantly reduced bacterial densities compared to the CTR biofilms (p < 0.05, Figure 2). The individual components, including proteins, lipids, α-polysaccharides, and β-polysaccharides within the EPS matrix of biofilms treated by 10–4 M FUR was also determined (Figure 3). β-polysaccharides were the major components in the biofilm matrix. The 10–4 M FUR treatment significantly reduced the biovolume of the α-polysaccharides and β-polysaccharides relative to the control (CTR) biofilms (p < 0.01 and p < 0.0001, respectively). The biovolume of proteins increased significantly in 10–4 M FUR treated biofilms compared to the CTR biofilms (p < 0.0001). The 10–4 M FUR exposure had no effect on the biovolume of lipids (p > 0.05).


[image: image]

FIGURE 2. Bacterial densities of FUR-treated biofilms. The results are presented as the mean ± SEM of three biological samples, and each sample was calculated by 10 random fields of view. Control (CTR), P. marina ECSMB14103 biofilm prepared on a sterile glass slide without adding FUR. Significant differences (p < 0.05) are represented by different letters above the columns.
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FIGURE 3. Biovolume of the individual components in biofilms formed by P. marina ECSMB14103. Images of each component are shown. **p < 0.01; **** p < 0.0001. Control (CTR), P. marina ECSMB14103 biofilm prepared on a sterile glass slide without adding FUR; FUR, 104M FUR treated P. marina ECSMB14103 biofilm.




Transcriptomics of P. marina ECSMB14103 Biofilms Exposed to 10–4 M FUR

In order to understand the underlying molecular mechanisms between the CTR group and furanone-treated group during biofilm formation, biofilms treated with 10–4 M FUR were selected for transcriptome sequencing due to the lowest settlement. The transcriptome results revealed 61 DEGs in 10–4 M FUR-treated biofilms in comparison to the CTR biofilms. Among these DEGs, 36 upregulated and 25 downregulated genes were identified. A heat map based on the expression pattern of DEGs was generated, and two replicates exhibited a similar expression pattern (Figure 4).
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FIGURE 4. Heat map of the DEGs identified in RNA-seq data in CTR and FUR-treated biofilms are shown. The gene names are shown on the right side of the heat map. The gene clustering is shown on the left side. Control (CTR), P. marina ECSMB14103 biofilm prepared on a sterile glass slide without adding FUR; FUR, 104M FUR treated P. marina ECSMB14103 biofilm.


The DEGs were mapped to the KEGG database to define their metabolic pathway for understanding the biological function of the DEGs further. The DEGs were classified into five categories and 15 KEGG metabolic pathways (Figure 5). The 34 DEGs were divided into a metabolic category, including amino acid metabolism (8 DEGs), biosynthesis of other secondary metabolites (3 DEGs), carbohydrate metabolism (9 DEGs), energy metabolism (5 DEGs), lipid metabolism (3 DEGs), metabolism of cofactors and vitamins (2 DEGs), metabolism of other amino acids (1 DEG), nucleotide metabolism (2 DEGs), and xenobiotic biodegradation and metabolism (1 DEG) (Figure 5). The remaining six pathways contained 1 DEG each (Figure 6). KEGG pathway enrichment analysis showed that propanoate metabolism, carbapenem biosynthesis, arginine and proline metabolism, and methane metabolism were significantly enriched in the 10–4 M FUR exposure biofilms compared to the CTR biofilms (Figure 6).
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FIGURE 5. KEGG pathway classification of DEGs between CTR and FUR exposure biofilms. The horizontal coordinate represents the number of DGEs annotated to each subcategory. Control (CTR), P. marina ECSMB14103 biofilm prepared on a sterile glass slide without adding FUR; FUR, 104M FUR-treated P. marina ECSMB14103 biofilm.
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FIGURE 6. KEGG pathway enrichment analysis of DEGs between CTR and FUR exposure biofilms. *p < 0.05. Control (CTR), P. marina ECSMB14103 biofilm prepared on a sterile glass slide without adding FUR; FUR, 104M FUR-treated P. marina ECSMB14103 biofilm.




DISCUSSION

An earlier study demonstrates that QS blockers modify the marine bacteria communities and indirectly affect the larval attachment of the polychaete Hydroides elegans and the bryozoan Bugula neritina (Dobretsov et al., 2007). In the present study, we investigate the extracellular substances in P. marina ECSMB14103 biofilms and transcriptome analysis of biofilms in response to FUR, which allows for understanding how these changes impact the biofilm formation on a molecular level and, subsequently, the settlement of M. coruscus plantigrades. Our data also reveal an indirect effect of exposure to FUR on the inhibition of the settlement of plantigrades.

The mode of action of FUR exposure is a crucial factor for determining the settlement of plantigrades. Addition of FUR during the settlement assay did not affect the settlement of plantigrades, but the FUR exposure during biofilm formation significantly decreased the settlement of plantigrades. These results suggest that the inducing activity of biofilms for the settlement of plantigrades depends on a properly functioning biofilm, which formed in the absence of FUR during biofilm formation. These observations are in agreement with the previous study, which shows that the furanone added during biofilm formation inhibits the larval attachment of H. elegans and B. neritina (Dobretsov et al., 2007). It is further demonstrated that exposure to furanone significantly modifies the bacterial density and bacterial communities in multispecies bacterial biofilms (Dobretsov et al., 2007). Halogenated furanones of D. pulchra inhibit the swarming motility of biofilm through QS regulated gene expression (Rasmussen et al., 2000). Biofilm formation can also be effectively inhibited by many synthetic brominated furanones (He et al., 2012; Kayumov et al., 2015).

Previous studies suggest that the cell density of bacteria is positively correlated with the percentage of larval settlement (Huang and Hadfield, 2003; Wang et al., 2012). In this study, the highest bacterial density was found in the 10–3 M FUR-treated group, but the inducing activity of the biofilm was significantly reduced. In addition, the bacterial density in FUR treated groups shows a threshold effect. This may suggest that FUR does not affect the growth of P. marina, which is similar to previous reports that QS inhibitors effectively influence the pathogenicity rather than bacterial growth (Rasmussen and Givskov, 2006; Kalia et al., 2014). Generally, because bacterial cells account for only 2–5% of the biofilm mass (Kristensen et al., 2008), the EPS of biofilm is involved in regulating larval settlement (Lau et al., 2003; Qian et al., 2007; Peng et al., 2020a). The EPS of biofilms consists of many organic substances. The main constituents of EPS are the polysaccharides, proteins, and lipids, which responsible for maintaining the architecture and activity of the biofilm (González-Machado et al., 2018). A previous study shows that polysaccharides rather than proteins in the EPS matrix function as larval settlement cues in H. elegans (Lam et al., 2005). The observed reduction in the biovolume of both α-polysaccharides and β-polysaccharides in biofilms exposed to 10–4 M FUR when compared to control biofilms may explain the low settlement rate. Although proteins in EPS did not affect the larval settlement of H. elegans (Lam et al., 2005), those extracellular proteins are necessary for maintaining the structure of EPS, providing nutrition, and releasing the cells (Flemming and Wingender, 2010).

A previous study shows that FUR inhibits biofilm formation and has a negative effect on a wide range of AHLs (Ponnusamy et al., 2010). It is recently reported that FUR interfers with the QS system and affects the motility and biofilm formation in C. jejuni (Castillo et al., 2015). Although FUR has no effect on the QS-dependent processes in Bacillus subtilis, FUR affected the cellular metabolism in B. subtilis (Kayumov et al., 2015). We hypothesized that exposure to FUR may impair the metabolic processes in P. marina ECSMB14103 during biofilm formation. Transcriptome data shows that 61 genes are differentially expressed after exposure to 10–4 M FUR. The majority of DEG-encoding proteins are involved in the metabolism process (Figure 5). Glutamate 5-kinase (downregulated; RF53_RS13220) and glutamate-5-semialdehyde dehydrogenase (downregulated; RF53_RS13225) and aspartate kinase (upregulated; RF53_RS12450) involved in the biosynthesis of other secondary metabolites are significantly affected in the FUR-treatment biofilms compared to the CTR biofilms. Aspartate kinase is important for the synthesis of an intermediate compound, diaminopimelic acid, which is involved in lysine biosynthesis, and this compound is crucial for the synthesis of the cell wall in most bacteria (Yoshida et al., 2007). Although it has been proposed that the aspartate kinase gene (lysC) might act in biofilm formation (Mueller et al., 2007), there is not much evidence to support that. We found that flagellar assembly protein fliH (RF53_RS02940) participating in cell motility was significantly downregulated in FUR-exposed P. marina biofilms relative to the CTR biofilms. Our recent study also demonstrates that a flagellin synthetic protein gene fliP deletion of P. marina contributes to the loss of the flagella structure and motility (Liang et al., 2020). The flagellum is critical for the mobility of bacteria, which is crucial for the initial surface attachment, subsequent biofilm formation and virulence (O’Toole and Kolter, 1998; Watnick et al., 2001; Lemon et al., 2007; Liang et al., 2020). Similarly, exposure to furanone inhibits gene expression involved in flagellar biosynthesis and metabolism in Salmonella enterica Serovar Typhimurium (Janssens et al., 2008).

In the present study, propanoate metabolism, carbapenem biosynthesis, arginine and proline metabolism, and methane metabolism are significantly affected in response to FUR exposure. Carbapenems are naturally produced metabolites acting as potent β-lactam antibiotics with a broad spectrum of antibiotic activity against both Gram-positive and Gram-negative bacteria (McGowan et al., 1999). It is demonstrated that the production of the secondary metabolite, carbapenem, is coordinately governed by a QS system (Thomson et al., 2000). Taken together, our data indicates that the alteration of metabolism in P. marina ECSMB14103 is impaired in the presence of FUR.



CONCLUSION

In conclusion, the present study shows that 2(5H)-Furanone directly affects biofilm formation by altering EPS components and metabolic processes in P. marina ECSMB14103 biofilms and indirectly reduces the mussel settlement. We propose that FUR could be used in the biofouling industry for reducing the initial attachment of micro- or macrofouling. The present study provides new insights into the molecular mechanisms of controlling biofouling. The established method here could be used for screening antifouling compounds in the biofouling industry. More studies are needed to further understand the molecular regulatory mechanisms of FUR on bacterial biofilms.
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