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A Strain of Bacillus amyloliquefaciens Can Prevent Vibrio vulnificus Colonization in Crassostrea gigas Oysters
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The pathogen Vibrio vulnificus has been associated with the majority of clinical cases of septicemia and deaths attributed to shellfish consumption. However, reports on biocontrol agents against this pathogen are scarce. In this study, the strain A5 of Bacillus amyloliquefaciens (A5) was evaluated against V. vulnificus. The sensitivity of V. vulnificus to A5 was first assessed in vitro using selected solid media as well as autoclaved oysters (Crassostrea gigas). Then, the ability of A5 to colonize live oysters was evaluated, and the biocontrol efficacy was investigated in vivo using oysters inoculated with V. vulnificus before or after inoculation with A5. The survival of the pathogen in oysters was evaluated after 2, 3, 4, and 6 days of exposure to A5 in all the experiments. In vitro, A5 showed inhibition halos of 18 mm against V. vulnificus. In autoclaved oysters, A5 caused a significant reduction in the levels of V. vulnificus on day 2 at 5.14 log CFU/g, but the pathogen’s counts were restored after day 3. In vivo, A5 was able to survive in live oysters and prevented the colonization of V. vulnificus only when the biocontrol agent was inoculated before the pathogen. Results show the potential of A5 to prevent V. vulnificus uptake by oysters when administered prior to the pathogen.
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INTRODUCTION

Vibrio vulnificus are Gram-negative, opportunistic, and highly adaptable halophilic bacteria that are part of the natural flora of marine coastal environments around the world (Kelly, 1982; Lee et al., 2014), including seawater (Baffone et al., 2006), sediments, and marine species of human consumption such as shrimp, fish, oysters, and clams (DePaola et al., 1998; Baffone et al., 2006; Mahmud et al., 2008; Huehn et al., 2014). V. vulnificus has been responsible for the majority of deaths associated with the consumption of raw seafood and has shown the highest death rate and per-case economic burden of all the foodborne pathogens in the United States (Jones and Oliver, 2009; Hoffmann et al., 2015; Oliver, 2015; Pu et al., 2018). If ingested, V. vulnificus can cause vomiting, diarrhea, abdominal pain, and fever starting 24–48 h after consuming contaminated oysters (Chen et al., 2002; Haq and Dayal, 2005). Severe cases produce primary sepsis and gastrointestinal infections with mortality rates that can exceed 50% of the incidences (Cazorla et al., 2011; Horseman and Surani, 2011). Another kind of V. vulnificus infection occurs in wounds exposed to seawater contaminated with the pathogen. In this case, the infection can progress to necrotizing fasciitis with reddening of the skin and pigmented blood blisters with estimated lethality rates of 25% (Bross et al., 2007; Dechet et al., 2008; Zetti et al., 2009). The risk of V. vulnificus infection is higher in individuals with a compromised immune system, such as people with chronic liver disease, alcoholism, diabetes, and hemochromatosis (Bross et al., 2007; Barton and Acton, 2009; Yun and Kim, 2018). The Centers for Disease Control and Prevention of the United States (CDC) estimates that around 80,000 people get vibrio infections every year, including 500 hospitalizations and 100 deaths, with V. vulnificus as the most prevalent causal agent (Araujo et al., 2007; Scallan et al., 2011; Oliver, 2015; CDC, 2018).

Oysters can filter large amounts of seawater during their feeding activities, thus concentrating marine bacteria such as V. vulnificus in the mollusk’s body. About 74% of the retail oysters in the United States can contain V. vulnificus (DePaola et al., 2010), and the presence of the pathogen has been observed in other regions, such as the coasts of South America, with clinical cases reported in Uruguay, Ecuador, and Peru (Raszl et al., 2016).

Oyster species, including Crassostrea gigas—commonly grown in the Pacific coast—are mostly consumed raw or slightly processed (Baker, 2016), and the washing, roughing, plus other standard depuration methods have not been effective in reducing the pathogen’s levels from the mollusk (Froelich and Noble, 2014). Various alternatives have been tested to control V. vulnificus in live oysters, such as the use of antibiotics (Wong et al., 2015), sodium hypochlorite and gamma-ray irradiation (Park et al., 2018), bacteriophages (Pelon et al., 2005; Lee et al., 2012), seaweed (Genovese et al., 2012), and curcumin (Na et al., 2011) extracts, among others. However, these methods did not effectively reduce the vibrio levels, increased the production costs (Kim et al., 2011), and caused modifications in the taste or appearance of the oysters (Cruz-Romero et al., 2007).

Biological control using antagonistic microorganisms offers new opportunities to reduce the levels of pathogenic bacteria, improving food safety and quality (Gálvez et al., 2010). Microbial biocontrol agents can inhibit or eliminate foodborne pathogens through nutrient competition and production of antimicrobial metabolites, among other mechanisms. Biocontrol agents such as lactic acid bacteria and bacteriophages have been effective against Listeria monocytogenes in ready-to-eat meat products (Castellano et al., 2017) and Campylobacter jejuni in broiler chickens (Richards et al., 2019), respectively. Antagonistic microorganisms have also been tested against V. vulnificus. Phaeobacter inhibens DSM 17395, which produces the antibacterial compound tropodithietic acid, inhibited V. vulnificus in autoclaved oyster juice, but no significant reduction in the pathogen’s levels was observed in live oysters (Porsby and Gram, 2016).

Bacillus spp. are some of the most effective biocontrol agents, and bacillus-based formulations account for approximately half of the commercially available bacterial biocontrol products (Fravel, 2005). Metabolites from Bacillus amyloliquefaciens have shown antilisterial activity and have been suggested as a food preservative (Halimi et al., 2010; Hu et al., 2010). Other human pathogens such as Candida albicans (Song et al., 2013) and Vibrio spp. (Xu et al., 2014) have also shown high sensitivity to B. amyloliquefaciens. Lipopeptides produced by B. amyloliquefaciens M1 isolated from mangroves showed a high in vitro antibacterial activity against Vibrio pathogens including Vibrio harveyi, Vibrio anguillarum, Vibrio parahaemolyticus, V. vulnificus, Vibrio salmonicida, Vibrio fischeri, Vibrio splendidus, Vibrio septicus, and Vibrio ichthyoenteri (Xu et al., 2014). Similarly, the strain A5 of B. amyloliquefaciens stood out among other antagonistic bacteria capable of controlling V. vulnificus in several in vitro tests (Serrano, 2014). However, applications of B. amyloliquefaciens in live oysters have not been reported. The purpose of this research was to evaluate B. amyloliquefaciens as a biocontrol agent against V. vulnificus in vitro and in oyster (C. gigas) models.



MATERIALS AND METHODS


Strains and Culture Conditions

Bacillus amyloliquefaciens A5 was isolated from organic soil amendments (Serrano, 2014), and V. vulnificus V4 (GenBank accession MN712474) was donated by the Pathology Laboratory at ESPOL University in Ecuador. Both strains were kept frozen at −80°C in potato dextrose broth (PDB; BD Difco, Sparks, MD, United States) and Luria–Bertani (LB; Invitrogen, Waltham, MA, United States), respectively, with 15% glycerol and 2% NaCl (Merck, Darmstadt, Germany). For the experiments, both bacterial strains were reactivated in tryptic soy agar (TSA; BD Difco, Sparks, MD, United States) with 2% NaCl (Merck, Darmstadt, Germany). The strain A5 was incubated at 30°C and V. vulnificus at 35°C for 24 h (Wang et al., 2010a; Ramos et al., 2012).

The identity confirmation of both bacteria was by DNA extraction and sequencing, as suggested elsewhere (Wang et al., 2010a, b). Briefly, a colony of each bacterium was suspended in conical microtubes (Axygen, IL, United States) containing 200 μl of lysis buffer [0.05 N NaOH, 0.025% sodium dodecyl sulfate (SDS), and ultrapure water] and heated for 10 min at 95°C in a water bath (Grant W28, Cambridge, United Kingdom). The tubes were chilled on ice for 2 min and then centrifuged at 10,000 × g for 10 min. A volume of 150 μl of the supernatants was transferred to 1.5-ml microtubes containing 300 μl of 95% frozen ethanol and centrifuged at 10,000 × g for 5 min. The supernatants were discarded, and the pellet was resuspended in 100 μl of 70% frozen ethanol. The tubes were then centrifuged at 10,000 × g for 5 min, and the supernatants were discarded. Finally, the pellet with the extracted DNA was suspended in 50 μl of ultrapure water (Invitrogen, Waltham, MA, United States). PCR amplification of strains was carried out in a 25-μl volume using GoTaq® DNA Polymerase (Promega, Madison, WI, United States). For A5, a 466-bp region from the 16S rRNA gene was amplified with the universal primers 341Fw (CCTACGGGAGGCAGCAG) and 806Rv (GGACTACHVGGGTWTCTAAT) (Yu et al., 2005), while for V. vulnificus V4, the 277-bp region of the virulence-correlated gene (vcg) was amplified with the primers P2 (5′-CTCAATTGACAATGATCT-3′) and P3 (5′-CGCTTAGGATGATCGGTG-3′) (Rosche et al., 2005). The amplicons obtained were sequenced in a service lab (Macrogen, Seoul, South Korea), and the data were analyzed using the Basic Local Alignment Search Tool (BLAST) algorithm from NCBI.



In vitro Antagonistic Evaluation

The antagonistic effect of A5 and its metabolites against V. vulnificus was assessed in vitro using three recovery liquid media including PDB, tryptic soy broth (TSB; Neogen, Lansing, MI, United States), or Mueller Hinton Broth (MHB; Sigma Aldrich, St. Louis, MO, United States) supplemented with 2% NaCl each, followed by plating onto four solid media including Mueller Hinton Agar (MHA; BD Difco, Sparks, MD, United States) (Hewitt and Vincent, 1989), TSA (BD Difco, Sparks, MD, United States), potato dextrose agar (PDA; Sigma Aldrich, St. Louis, MO, United States), or blood agar (BA; Medibac Lab, Ecuador) supplemented with 2% NaCl each.

One colony of a freshly grown A5 was suspended in 10 ml of each of the three recovery liquid media. The suspensions were then incubated at 30°C for 5 days (Serrano, 2014) in an orbital shaker (Thermo ScientificTM MaxQTM 4000, Waltham, MA, United States) at 110 rpm.

In vitro sensitivity tests were carried out through diffusion tests in wells as described in previous reports (López et al., 2005; Serrano, 2014). Briefly, Petri dishes with each of the solid media were spread-inoculated with V. vulnificus using sterile swabs. Three wells of 6-mm diameter were made on the inoculated media using a sterile punch. A total of 50 μl of a 5-day-old A5 culture grown in the different recovery liquid media, 50 μl of the same A5 culture previously filter-sterilized using 0.22-μm syringe filters, or 50 μl of the filter-sterilized A5 culture autoclaved at 121°C for 15 min were placed in the agar wells. The plates were incubated at 30°C for 24 to 48 h, and inhibition halos were measured around each well. All experiments were run in triplicate.



Oyster Acclimatization

Oysters (C. gigas) of 8 cm of anterior–posterior length were obtained from the beach El Palmar–Santa Elena in the coast of Ecuador. After harvest, the bivalves were submerged in microfiltered and ultraviolet light-sterilized seawater, kept at ambient temperature for 72 h, and transported to the laboratory.

The acclimatization of the oysters to laboratory conditions was carried out as described in previous studies (Wang et al., 2010a, b; Porsby and Gram, 2016). Briefly, the oysters were washed with autoclaved saline solution and placed in containers with autoclaved ionized seawater with 33.0 ± 1.0 ppt salinity at a rate of 500 ml per oyster. The average temperature was 23°C ± 2°C, and constant aeration of 3 L/min (Wang et al., 2010a, b; Ramos et al., 2012) was maintained during the 4 days of acclimatization. There was no mortality during acclimatization of oysters.



Conditions of Artificial Inoculation of V. vulnificus and A5

The inoculation method was modified from Wang et al. (2010a). A colony of V. vulnificus was inoculated in 100 ml of LB (Invitrogen, MA, United States) with 2% NaCl and incubated at 35°C for 24 h at 110 rpm in an orbital shaker (Thermo ScientificTM MaxQTM 4000, Waltham, MA, United States). The bacterial suspension was then centrifuged at 4,500 × g (Sorvall ST16, Thermo Fisher Scientific, Osterode, Germany) for 5 min, and the pellet was resuspended in an autoclaved 2% NaCl solution.

For the A5 strain, four bacterial colonies were individually inoculated in separate bottles containing 100 ml of PDB with 2% NaCl and incubated at 30°C for 24 h at 110 rpm in an orbital shaker. To obtain a higher concentration of A5, the bacterial cultures were centrifuged at 5,000 × g for 7 min, and the supernatants were discarded. The resulting pellets were resuspended in 300 ml of PDB with 2% NaCl and incubated again at 30°C in an orbital shaker at 110 rpm for 24 h. The cultures were then centrifuged at 5,000 × g for 7 min, and the supernatants were discarded. The four pellets were then put together in a single falcon tube and resuspended in 50 ml of an autoclaved 2% NaCl solution.

The bacterial concentration of both A5 and V. vulnificus was determined by measuring the OD600nm with a BioPhotometer 6131 (Eppendorf, Hamburg, Germany) spectrophotometer. For this, each bacterial suspension was 10-fold serial diluted with autoclaved 2% NaCl to obtain bacterial concentrations in the range of 102–109 CFU/ml. Each dilution (100 μl) was spread-plated onto TSA with 2% NaCl and incubated at 35°C for V. vulnificus or at 30°C for A5 during 24 h. The number of colony-forming units (CFUs) was counted and correlated to the OD600nm values in a standard curve. The inoculation volume of the pure culture (Vi) required to achieve a desired final calculated bacterial concentration (FCBC) in an oyster’s container was estimated using the equation:
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where Vt is the total volume of the autoclaved seawater in the inoculation tank with oysters, and BCi is the bacterial concentration of the pure culture estimated by the OD600nm.

Levels of FCBC between 106 and 107 for both bacteria were initially tested in oysters, and the best FCBC levels were selected for all experiments.



Antagonism in Autoclaved Oysters

Autoclaved oysters were used to assess the ability of A5 to grow in oyster meat and validate the antagonistic effect of A5 against V. vulnificus in an oyster matrix. Forty-five oysters were individually wrapped in aluminum foil, placed in a 2-L cylindrical vessel, and autoclaved (Sterilizer SM510, Yamato Scientific, Japan) at 121°C for 15 min. Three plastic containers of 41 cm × 30 cm × 28 cm (PYCCA, Guayaquil, Ecuador) were disinfected with boiling water followed by a 70% ethanol rinse. Then, 15 autoclaved oysters along with autoclaved seawater at a rate of 500 ml per oyster were placed in each container. In the first container, the oysters were inoculated with A5 to an FCBC of 1.0 × 106 CFU/ml and with V. vulnificus to an FCBC of 1.0 × 107 CFU/ml (A5 + Vv treatment). The oysters from the second container were only inoculated with A5 to an FCBC of 1.0 × 106 CFU/ml (A5 treatment), while the oysters from the third container were inoculated with V. vulnificus to an FCBC of 1.0 × 107 CFU/ml (Vv treatment). All inoculations were performed in the oyster–seawater mix, and bacterial levels in oysters and in the water from each container were assessed immediately after autoclaving (before inoculation) and on days 0, 2, 3, 4, and 6 after inoculation exactly as described in the Microbiological Analysis of Live Oysters section below. The measurements were done in triplicate.



Antagonism in Live Oysters

Three bioassays were performed to determine the colonization capacity of all strains and to assess the biocontrol effect of A5 in live oysters inoculated with V. vulnificus before or after inoculation with the biocontrol agent, respectively. Table 1 shows a summary of the bioassays executed. The oysters were kept at 23°C ± 2°C with constant aeration of 3 L/min during the whole experiment in the three bioassays (Wang et al., 2010a, b; Ramos et al., 2012).


TABLE 1. Experiments with live oysters in autoclaved seawater.
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To determine if A5 and V. vulnificus were capable of colonizing the tissues of live oysters (bioassay 1), three plastic containers of 41 cm × 30 cm × 28 cm (PYCCA, Guayaquil, Ecuador) with 15 oysters plus 7.5 L (500 ml/oyster) of autoclaved seawater at 33 ± 1.0 ppt salinity each were used (Porsby and Gram, 2016). Oysters from the first container were inoculated with V. vulnificus to an FCBC of 1.0 × 107 CFU/ml and reinoculated with the same dose of the vibrio 24 h after the first inoculation. Similarly, oysters from the second container were inoculated with A5 to an FCBC of 1.0 × 106 CFU/ml and reinoculated with the same dose 24 h after the first inoculation. Oysters from the third container were kept in the autoclaved seawater as a control (Tirapé, 2007; Wang et al., 2010a, b). Bacteria counts in oysters and water from each container were measured on TSA and thiosulfate-citrate-bile salt-sucrose (TCBS) on days 0, 2, 3, 4, and 6 of the bioassays exactly as described in the Microbiological Analysis of Live Oysters section below. The measurements were done in triplicate.

The antagonist effect of A5 was assessed in oysters previously colonized by V. vulnificus (bioassay 2) as well as oysters colonized with A5 prior to the inoculation with the vibrio (bioassay 3). For both bioassays, three containers with 18 oysters and autoclaved seawater at a rate of 500 ml/oyster in each container were used. Container characteristics and seawater conditions were identical to those of bioassay 1. For bioassay 2, containers were labeled as Vv (V. vulnificus only), Vv + A5 (inoculation with V. vulnificus followed by A5), and control (control oysters with no inoculation), respectively. Oysters from the Vv and the Vv + A5 containers were inoculated on day 0 with V. vulnificus to an FCBC of 2.0 × 107 CFU/ml. On day 1, the water of the three containers were replaced with an identical volume of freshly autoclaved seawater to remove the excess of non-colonizing V. vulnificus as described in previous studies (Porsby and Gram, 2016). The Vv + A5 container was inoculated with A5 to an FCBC of 1.0 × 106 CFU/ml immediately after water replacement and reinoculated with the same dose of A5 on day 2. Oysters from the control container were kept in the autoclaved seawater as a control (Tirapé, 2007; Wang et al., 2010a, b). The bacteria counts in oysters as well as in the water of each container were measured on days 0, 1, 2, 3, 4, and 6 of the bioassay using TSA and TCBS, as described in the Microbiological Analysis of Live Oysters section below.

For bioassay 3, the three oyster containers were labeled as Vv (V. vulnificus only), A5 + Vv (inoculation with A5 followed by V. vulnificus), and control (control oysters with no inoculation), respectively. The A5 + Vv container was inoculated with A5 to an FCBC of 3.0 × 106 CFU/ml on day 0. On day 1, the water from the three containers was replaced with freshly autoclaved seawater maintaining the ratio of 500 ml/oyster. Then, both the Vv and A5 + Vv containers were inoculated with V. vulnificus to an FCBC of 1.0 × 107 CFU/ml on days 1 and 2. Oysters from the control container were kept in the autoclaved seawater as a control (Tirapé, 2007; Wang et al., 2010a, b). The bacteria counts in oysters and in the water were assessed on days 0, 1, 2, 3, 4, and 6 of the bioassays using TSA and TCBS, as described in the Microbiological Analysis of Live Oysters section. Bioassay 3 was fully repeated 6 months later using fresh oysters to check the reproducibility of the biocontrol effect.



Microbiological Analysis of Live Oysters

Microbiological analyses were carried out according to U.S. Food and Drug Administration (FDA)’s Bacteriological Analytical Manual (Kaysner and DePaola, 2004). Briefly, oysters were randomly picked for analysis at each selected time. Each oyster was shucked with a sterile knife and separated from the shell (Phuvasate et al., 2012). Then, 0.1 g of shucked oysters was homogenized with 0.9 ml of 2% autoclaved NaCl solution at high speed for 1 min using a three-speed blender (Oster Blender 4655, United States). Homogenized oysters were serial diluted using a 2% NaCl solution and plated onto TCBS and TSA + 2% NaCl. Plates were then incubated at 35°C and 30°C during 24 h for the growth of V. vulnificus and A5, respectively. Colonies on TCBS were considered as total vibrio, whereas green colonies were counted as V. vulnificus (West et al., 1982; Cerdà-Cuéllar et al., 2000). Colonies in TSA were considered as total aerobic bacteria.

At the end of the incubation time, the bacterial count was carried out on Petri dishes containing less than 300 colonies. To obtain the number of CFU/ml or CFU/g, the following formula was applied:

CFU/ml or CFU/g = Number of colonies per plate × The dilution factor/Volume (ml) of the inoculated sample.

Therefore, the limits of detection (LODs) were 2 log CFU/g for oyster tissue and 1 log CFU/ml for seawater (Kaysner and DePaola, 2004). The reported values were an average and standard deviation of the three replicates.



Statistical Analysis

The data obtained from the in vitro assays were submitted to an analysis of variance (ANOVA) to compare bacterial levels among treatments, and significance was reported at p < 0.05. Bacterial counts from the experiments with live and autoclaved oysters were Log-transformed prior to the ANOVAs. All statistical tests were carried out in Microsoft Excel.




RESULTS


Strains ID Confirmation

The DNA sequence from the A5 strain shared 99% similarity with B. amyloliquefaciens Access Number KJ603234.1, while the sequence of the vibrio strain shared 98% similarity with V. vulnificus Access Number AY626584.1 from the GenBank database.



In vitro Biocontrol Tests

The strain A5 was able to reduce the growth of V. vulnificus in vitro, with inhibition halos between 5 and 18 mm. The highest inhibition (p < 0.05) was observed when using PDB + 2% NaCl or MHB + 2% NaCl as a recovery liquid medium in MHA + 2% NaCl as a solid medium, yielding average inhibition halos of 18 and 17 mm, respectively (Figure 1). However, no inhibition was observed on PDA + 2% NaCl, TSA + 2% NaCl, and BA + 2% NaCl when MHB + 2% NaCl was used as a recovery liquid medium. Similarly, plates with PDA + 2% NaCl did not support the growth of V. vulnificus. The results of the antagonism tests were measured after 24 and 48 h, but no significant differences were observed between the two incubation periods. No inhibition halos were observed when testing the filter-sterilized or autoclaved supernatants.
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FIGURE 1. In vitro sensitivity of Vibrio vulnificus to the strain A5 of Bacillus amyloliquefaciens (A5) recovered in three liquid media and assessed on four solid media. Equal letters indicate no significant differences (p > 0.05). The absence of bars represents no observed inhibition halos.




Biocontrol Tests in Autoclaved Oysters

The preliminary experiments showed that the recovery of V. vulnificus and A5 was negligible in oysters inoculated to an FCBC below 107 and 106 CFU/ml, respectively. Additionally, when using A5, the maximum FCBC achieved was 106 CFU/ml (data not shown). Therefore, FCBCs of 106 and 107 CFU/ml were used for the inoculation of A5 and V. vulnificus, respectively, in all experiments.

Both A5 and V. vulnificus were able to persist in autoclaved oysters (Figure 2) and seawater (Figure 3). On day 0—before sample inoculation—no CFUs were detected in both sample types. The total aerobic bacteria (Figures 2A, 3A) and total vibrio counts (Figures 2B, 3B) increased significantly after the inoculations, reaching values above 5 log CFU/g in oysters and 4 log CFU/ml in water samples from all treatments. Similarly, the levels of V. vulnificus in oyster (Figure 2C) and water samples (Figure 3C) from the A5 + Vv and the Vv treatments increased significantly after the inoculations, while no V. vulnificus was detected in the A5 treatment throughout the experiment. On day 2, the total vibrio (Figure 2B) and V. vulnificus (Figure 2C) counts were significantly higher (p < 0.05) in oysters from the Vv treatment when compared to the A5 or the A5 + Vv treatments, but no significant differences were observed between treatments from day 3 onward. Similarly, no significant differences were detected in the levels of total aerobic bacteria among oysters from the different treatments at any time point.
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FIGURE 2. Total aerobic bacteria (A), total vibrio (B), and Vibrio vulnificus (C) levels in coculture experiments in autoclaved oysters. Oysters from the Vv treatment were inoculated with V. vulnificus only (■), oysters from the A5 treatment were inoculated with A5 only (•), oysters from the A5 + Vv treatment were co-inoculated with A5 and V. vulnificus (▲). The absence of colonies is represented as below the limit of detection (LOD) of 2.0 log CFU/g.
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FIGURE 3. Total aerobic bacteria (A), total vibrio (B), and Vibrio vulnificus (C) levels in coculture experiments in autoclaved seawater. Seawater from the Vv treatment was inoculated with V. vulnificus only (■), seawater from the A5 treatment was inoculated with A5 only (•), seawater from the A5 + Vv treatment was co-inoculated with A5 and V. vulnificus (▲). The absence of colonies is represented as below the limit of detection (LOD) (<1.0 log CFU/g).




Biocontrol Tests in Live Oysters

Results from bioassay 1 showed that inoculation with A5 did not cause significant changes in the total aerobic counts of live oysters, as the bacterial levels were similar to those from control oysters during the whole experiment. However, the addition of V. vulnificus to live oysters yielded significantly lower total aerobic counts when compared to oysters from A5 or control treatments from day 4 onward (Figure 4A). Oysters inoculated with A5 showed significantly higher levels of total vibrio when compared to uninoculated oysters in day 3, but no significant differences were observed after this sampling time. Similarly, oysters inoculated with V. vulnificus showed the highest total vibrio levels on day 2 only (Figure 4B). From day 2 onward, the total vibrio levels in oysters from the Vv treatment consisted of green colonies only, as no yellow colonies were observed in the samples. Uninoculated oysters from the control treatment as well as oysters from the A5 treatment showed undetectable levels of V. vulnificus during the whole experiment (Figure 4C). In water samples, A5 caused a significant increase in the total aerobic counts on days 2 and 3, but no significant differences among treatments was observed at the other sampling times (Figure 5A). Similarly, A5 caused a significant increase in the levels of total vibrio in water samples on days 2 and 3, but V. vulnificus only increased the total vibrio levels at day 2 (Figure 5B). In the Vv treatment, total vibrio consisted of green colonies only. Similarly, no V. vulnificus was detected in water samples from the A5 or control treatments (Figure 5C).
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FIGURE 4. Total aerobic bacteria (A), total vibrio (B), and Vibrio vulnificus (C) levels in oysters from bioassay 1 (evaluation of colonization potential). Three treatments are shown: Vv inoculated with V. vulnificus only (■), A5 inoculated with A5 only (•), and control (◆ dotted line). The absence of colonies is represented as below the limit of detection (LOD) (<2.0 log CFU/g).
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FIGURE 5. Total aerobic bacteria (A), total vibrio (B), and Vibrio vulnificus (C) levels in seawater from bioassay 1 (evaluation of colonization potential). Three treatments are shown: Vv inoculated with V. vulnificus only (■), A5 inoculated with A5 only (•), and control (◆ dotted line). The absence of colonies is represented as below the limit of detection (LOD) (<1.0 log CFU/g).


In the control treatment from bioassays 2 and 3, the total aerobic counts of oysters stayed in the range between 3.4 and 6.3 log CFU/g for all experiments (Figures 4A, 6A, 8A), whereas the total vibrio counts were between 2.0 and 3.4 log CFU/g (Figures 4B, 6B, 8B). In the water samples from the control treatment, the total aerobic counts were between 2.0 and 3.6 log CFU/ml (Figures 5A, 7A, 9A), while the total vibrio counts remained between 1.0 and 2.2 log CFU/ml in all the experiments (Figures 5B, 7B, 9B). Total vibrio counts in both oysters and water samples from the control treatment consisted of yellow colonies only, as green colonies (V. vulnificus) were not detected during the whole experiment (Figures 4C, 5C, 6C, 7C, 8C, 9C).

Results from bioassay 2 showed that the total aerobic counts in oysters from the Vv + A5 treatment significantly increased from 3.9 to 5.5 log CFU/g during the first 2 days of the experiment but decreased thereafter to final levels of 4.8 log CFU/g. However, oysters from the Vv treatment maintained total aerobic counts of around 4.5 log CFU/g during the whole experiment. The total aerobic counts were significantly higher in oysters from the Vv + A5 treatment when compared to those from the Vv treatment on days 2, 3, and 4, but no significant differences were observed at the other sampling times (Figure 6A). The total vibrio counts in oysters from all treatments were 2.3 log CFU/g on day 0 (before inoculations), while on day 1 (after inoculation with V. vulnificus), vibrio counts increased to 4.4 and 3.9 log CFU/g in oysters from the Vv and Vv + A5 treatments, respectively, with only green colonies detected. From day 3 onward, yellow colonies were also detected, and oysters from the Vv + A5 treatment showed significantly higher levels (p < 0.05) of total vibrio than that of the Vv treatment (Figure 6B). Similarly, the levels of V. vulnificus in the Vv and Vv + A5 treatments increased from 0 to average values of 4.4 and 3.9 log CFU/g in oysters from the Vv and Vv + A5 treatments, respectively, on day 1 but decreased thereafter, with no significant differences observed between treatments (Figure 6C). In water samples, the behavior of total aerobic counts was similar to that observed in oysters. Water samples from the Vv + A5 treatment maintained total aerobic counts of around 4.7 log CFU/ml from day 2 onward, while samples from the Vv treatment showed lower total aerobic counts at around 2.0 log CFU/ml at the same sampling times (Figure 7A). The initial total vibrio counts in the water were 1.0 log CFU/ml, increasing in samples from the Vv and Vv + A5 treatments to 3.2 and 2.9 log CFU/ml, respectively, on day 1. However, total vibrio levels remained nearly unchanged in the water from the Vv + A5 treatment while decreasing in the Vv treatment from day 2 onward (Figure 7B). No V. vulnificus was detected at time 0 (before inoculations) in the water samples from all treatments, but the inoculations caused an increase in the V. vulnificus levels at day 1 in both Vv and Vv + A5 treatments. However, from day 2 onward, the levels of V. vulnificus decreased in both treatments, but counts were higher in the Vv + A5 treatment when compared to the Vv treatment from days 2 to 4 (Figure 7C).
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FIGURE 6. Total aerobic bacteria (A), total vibrio (B), and Vibrio vulnificus (C) levels in oysters from bioassay 2 (inoculation with V. vulnificus prior to inoculation with A5). Three treatments are shown: Vv inoculated with V. vulnificus only (■), Vv + A5 first inoculated with V. vulnificus and then with A5 (•), and control (◆ dotted line). The absence of colonies is represented as below the limit of detection (LOD) (<2.0 log CFU/g).



[image: image]

FIGURE 7. Total aerobic bacteria (A), total vibrio (B), and Vibrio vulnificus (C) levels in seawater from bioassay 2 (inoculation with V. vulnificus prior to inoculation with A5). Three treatments are shown: Vv inoculated with V. vulnificus only (■), Vv + A5 first inoculated with V. vulnificus and then with A5 (•), and control (◆ dotted line). The absence of colonies is represented as below the limit of detection (LOD) (<1.0 log CFU/g).


Results from bioassay 3 showed that the total aerobic counts in oysters (Figure 8A) and water (Figure 9A) from the A5 + Vv treatment were significantly higher than those from the Vv treatment during the whole experiment. Similarly, the total vibrio counts in oysters (Figure 8B) and water (Figure 9B) from the A5 + Vv treatment were significantly higher than those from the Vv treatment at days 1, 4, and 6 of the experiment, but no significant differences were observed at the other time points. However, the V. vulnificus levels in oysters from the A5 + Vv treatment were significantly lower than those from the Vv treatment during the whole experiment, and V. vulnificus was not detected on day 6 in the oysters from the A5 + Vv treatment, but the pathogen’s counts were above 2.5 log CFU/g in the Vv treatment (Figure 8C). Similarly, no V. vulnificus was detected in water samples from the A5 + Vv treatment throughout the experiment, but the pathogen’s levels in the Vv treatment were above 1 log CFU/ml (Figure 9C).
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FIGURE 8. Total aerobic bacteria (A), total vibrio (B), and Vibrio vulnificus (C) levels in oysters from bioassay 3 (inoculation with A5 prior to inoculation with V. vulnificus). Three treatments are shown: Vv inoculated with V. vulnificus only (■), A5 + Vv first inoculated with A5 and then with V. vulnificus (•), and control (◆ dotted line). The absence of colonies is represented as below the limit of detection (LOD) (<2.0 log CFU/g).
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FIGURE 9. Total aerobic bacteria (A), total vibrio (B), and Vibrio vulnificus (C) levels in seawater from bioassay 3 (inoculation with A5 prior to inoculation with V. vulnificus). Three treatments are shown: Vv inoculated with V. vulnificus only (■), A5 + Vv first inoculated with A5 and then with V. vulnificus (•), and control (◆ dotted line). The absence of colonies is represented as below the limit of detection (LOD) (<1.0 log CFU/g).





DISCUSSION

The majority of studies oriented to the control of bacterial pathogens in live seafood have focused on the use of immunostimulants, antibiotics, and other chemicals (Elston and Ford, 2011) that can cause bacterial resistance and environmental pollution. Therefore, the use of innocuous biocontrol agents stands out as an environment-friendly strategy against pathogens (Verschuere et al., 2000). In this study, we evaluate the use of the B. amyloliquefaciens A5 as an alternative to control V. vulnificus in oysters. Total aerobic counts in autoclaved and live oysters were used as an indicator of the A5 levels during the study. Total vibrio levels were also analyzed to assess the impact of A5 in this bacteria group, as various Vibrio spp. are of high importance to the oyster industry.


In vitro Biocontrol Tests

In culture media, A5 was able to inhibit the growth of V. vulnificus, but cell-free supernatants from A5 cultures did not cause inhibition. Results suggest that the potential inhibitors were only produced in agar or lost during the cell removal procedures, as well as indicated the need for viable A5 cells to produce the inhibition. Results are similar to those reported in previous studies showing that live lactic acid bacteria but not their metabolites were able to control the growth of pathogens such as V. parahaemolyticus (Hwanhlem et al., 2010).



Biocontrol Tests in Autoclaved Oysters

Autoclaved oysters were used as a follow-up study of the in vitro tests in order to assess the inhibition of A5 co-inoculated with V. vulnificus in oyster meat. The order of bacterial colonization was not assessed in autoclaved oysters, as only live individuals are able to filter seawater and concentrate bacteria in their bodies. When using autoclaved oysters and seawater, high levels of yellow colonies were consistently recovered on TCBS after treatment with A5. This was an unexpected result, as uninoculated-autoclaved oysters showed no bacterial growth and A5 was not able to grow on TCBS. Results suggest that the natural vibrio flora was not eliminated by autoclaving, and surviving cells remained below the LOD in the oysters. Pathogens can survive heat treatments—thanks to the protection from the food matrix, and populations of Vibrio spp. were probably preserved by the protein and lipid chains in the oysters (Pelon et al., 2005; Seo et al., 2005, 2010, 2011). After sterilization at 121°C for 15 min, the oyster’s tissue turned into a paste-like suspension. Higher sterilization temperatures and times may be needed to completely eliminate the vibrio load from the oysters but were not tested in this study to prevent additional alterations in the composition of the mollusk (Shim et al., 2015).

Despite that interfering microorganisms were not fully eliminated, the strain A5 produced a significant reduction of V. vulnificus in autoclaved oysters on day 2, but no reduction was observed from day 3 onward. The V. vulnificus inhibition by A5 in autoclaved oysters was probably affected by the surviving bacteria from the mollusk. Results are in agreement with previous studies showing the loss of the inhibition effect from biocontrol agents over time, suggesting the need of continuous reinoculations of the beneficial bacteria (Hong et al., 2005; Lalloo et al., 2007; Karim et al., 2013; Nemutanzhela et al., 2014).



Biocontrol Tests in Live Oysters

The levels of FCBC below 107 CFU/ml of V. vulnificus yielded negligible recovery counts of the vibrio from oysters. High levels of bacteria have been needed for the inoculation of bivalves in previous studies (Herrfurth et al., 2013), as inoculum levels are usually affected by the oyster immune system (Kaysner et al., 1989) and the changes in the physiological state of the inoculated V. vulnificus (Quevedo et al., 2005).

The data from the three assays carried out using live oysters suggest that A5 was harmless to the mollusk, as a 100% survival rate was observed among the individuals inoculated with a high dose (∼6 log CFU/g) of the biocontrol agent. This is consistent with previous reports, proposing the use of Bacillus spp. as probiotics in aquaculture and regarding B. amyloliquefaciens as a non-pathogenic bacterium (Lončar et al., 2014). The first bioassay showed that the total aerobic levels of oysters from the A5 treatment increased at day 2 but decreased thereafter (Figure 4A), suggesting the need of reinoculations with A5 for commercial uses. Continuous reinoculation of biocontrol agents including the application of Bacillus-based products has been described as a common practice in aquaculture (Hong et al., 2005; Lalloo et al., 2007; Karim et al., 2013; Nemutanzhela et al., 2014). Similarly, the levels of V. vulnificus in oysters decreased slowly after inoculation (Figure 4C), suggesting the activation of the mollusk’s defense mechanisms such as the hemocyte-mediated phagocytosis against V. vulnificus (Genthner et al., 1999; Canesi et al., 2002; Fuhrmann et al., 2018). However, the inability of some hemocytes to kill V. vulnificus has been observed, and the pathogen population may not be completely eliminated (Froelich and Oliver, 2013). Despite the slow decrease in the levels of the inoculated bacteria, the data suggest that both A5 and V. vulnificus can colonize the oyster’s tissues. Results are in agreement with those of previous studies showing that oysters can concentrate bacteria from the surrounding water in a matter of hours (Froelich and Oliver, 2013) and that probiotic microorganisms have the ability to adhere to the mucous epithelium of the host’s gastrointestinal tract (Chi et al., 2014). Further research is needed to assess the adherence of A5 to oysters’ gastrointestinal tracts.

Results from bioassay 2 showed that A5 did not exert a biocontrol effect in oysters previously inoculated with V. vulnificus (Figure 6C). Vibrio populations previously adapted to oyster tissues have shown the ability to prevent the colonization of beneficial bacteria (Verschuere et al., 2000; Froelich and Oliver, 2013), and V. vulnificus probably prevented A5 to grow to high enough concentrations to produce the antagonizing effect. Probiotic bacteria usually require pre-colonization of surfaces or tissues of the animal to inhibit pathogen colonization and growth (Karim et al., 2013; Zhao et al., 2016). Rather than a biocontrol effect, A5 significantly stimulated the growth of TCBS’s yellow colonies and total aerobic bacteria in both oysters and water on days 3 and 4, respectively. Results are similar to those from a previous study showing that probiotics can increase Vibrio diversity in aquaculture (Stevick et al., 2019). Further research is needed to determine the effect of A5 in vibrio populations.

The data from bioassay 3 showed that V. vulnificus was not able to colonize the oyster’s tissue treated with A5 (Figure 8C). Results suggest competitive inhibition against V. vulnificus or an increased immune response in the oysters promoted by A5 (Vanbelle et al., 1990). The A5 strain probably competed for the adhesion sites in the intestinal tissues or other oyster surfaces, preventing the colonization by V. vulnificus (Gismondo et al., 1999; Verschuere et al., 2000). In contrast, when V. vulnificus was already in the tissue—as in bioassay 2—A5 probably failed to compete for the space that the vibrio has already colonized (Olsson et al., 1992; Verschuere et al., 2000). Additionally, the inoculation of Bacillus sp. in live seafood has been shown to improve the health of the host by stimulating its immune response (Rengpipat et al., 2000).

Strains of B. amyloliquefaciens are frequently commercialized as bioactive compound producers, and several patents involving food-safety applications of this species have been approved (Hsieh and Kao, 2010; Yaowei et al., 2011; Rasimus-Sahari et al., 2015). The safety of B. amyloliquefaciens applications in food products can be inferred, as pathogenicity of this bacterium has not been reported (Rasimus-Sahari et al., 2015), and the FDA has listed B. amyloliquefaciens as a food additive-producer with a “generally recognized as safe” (GRAS) status (Health Center for Devices and Radiological, 2018). Similarly, B. amyloliquefaciens has been regarded as non-pathogenic/non-toxigenic toward humans and proposed for the “qualified presumption of safety” (QPS) status by the European Food Safety Authority (EFSA) (EFSA Panel on Biological Hazards, 2013). An advantage of using Bacillus spp. as a biocontrol agent is that they are not generally involved in horizontal gene transfer processes with other organisms such as Vibrio spp. and are unlikely to acquire genes for antibiotic resistance or virulence from pathogens (Moriarty, 1999). However, further research is needed to assess the safety of the A5 strain of B. amyloliquefaciens.




CONCLUSION

Live cells of B. amyloliquefaciens A5 inhibited the growth of V. vulnificus in vitro, but no inhibition was observed when the metabolites from A5 were used. The strain A5 was able to colonize live oysters and prevented the colonization of V. vulnificus. However, A5 was not able to reduce the levels of the already colonizing cells of V. vulnificus in oysters, suggesting the need of inoculating the biocontrol agent at the early production stages. The levels of total vibrio (yellow colonies) increased significantly in oysters and seawater after inoculation with A5. Further research is needed to determine the pathogenicity of the Vibrio spp. favored by A5. Results are a preliminary indication of the potential of A5 to control V. vulnificus, but additional work needs to be done to determine the feasibility of this approach against multiple strains of the pathogen and in real production environments.
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2. Replacement of autoclaved seawater on day 1

Bioassay 3***

1. No inoculation on day O

2. Replacement of autoclaved seawater on day 1
3. Inoculation with 1.0 x 107 CFU/ml V. vulnificus
ondays 1 and 2
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3. Inoculation with 1.0 x 107 CFU/mI V. vulnificus
ondays 1 and 2

1. No inoculation
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***18 oysters by container 500 ml of autoclaved seawater per oyster.
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