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Abstract


The rising global demand for bivalves and declining water quality is placing increasing pressure on depuration facilities to ensure product safety and quality, leading to extended processing times and increased energy consumption. Bacteriophages (phages) offer a low-cost, environmentally friendly, and highly specific approach that may enhance depuration efficiency. In this study, we evaluated a phage cocktail targeting Escherichia coli, Aeromonas hydrophila, Salmonella enterica serovar Typhimurium, and Vibrio parahaemolyticus to improve depuration at laboratory-scale using cockles (Cerastoderma edule). Three depuration experiments of 12 h were performed: (i) cockles artificially contaminated with E. coli or V. parahaemolyticus; (ii) cockles inoculated with all four bacteria; and (iii) naturally contaminated cockles. Phages reduced bacterial loads by 1.62 and 1.61 Log colony forming units per gram (CFU/g) for E. coli and V. parahaemolyticus, respectively. In experiments using the four bacterial strains, reductions of ~1.00 Log CFU/g were observed only at higher doses. This phage dose also caused bacterial reduction in naturally harvested animals by 1.00–1.28 Log CFU/g. Our findings suggest that, under phage selective pressure, bacteria may be released from bivalves, probably as result of phage-induced disruption of biofilms, destabilising bacterial colonisation. Therefore, bivalve exposure to phage doses prior to water disinfection can complement the depuration treatment, increasing decontamination efficiency and enhancing food safety.
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Key Contribution: Phage application during bivalve depuration leads to a reduction of target bacterial pathogens in bivalves. Phage-mediated bacterial release from the animals may improve depuration efficacy.










1. Introduction


In 2022, the industry of bivalve molluscs represented a 6 billion USD market and accounted for 3% of global exports worldwide [1]. Bivalve molluscs are a valuable and healthy source of protein that present high nutritional quality and can contribute to food security [2]. Additionally, when properly managed, their production can have a beneficial impact on ecosystems and help to mitigate climate change [3,4]. Cockles, clams, and ark shells rank among the most produced bivalve molluscs worldwide, with a combined production of 4.5 million tonnes, surpassed only by oysters [1]. Trends in production show a continuous increase since 2018 to 2022 and are not likely to slow down in years to come [1].



Due to their filter-feeding behaviour, bivalve molluscs concentrate toxins and microorganisms present in their production areas [5,6]. Pristine waterbodies for the farming of bivalve molluscs are increasingly scarce, and this activity is already heavily regulated, with farming areas being highly monitored for microbiological and toxicological aspects [7,8,9]. In Europe, if bivalve molluscs are captured/farmed in transitional waters (e.g., estuaries, coastal lagoons, and deltas), they must be depurated in recirculating water treated with ozone or ultraviolet radiation before being supplied to the market [10]. However, as microorganisms may be strongly adhered to the animal’s tissue [11], the efficacy of treatment is largely reduced, and treatment duration may differ according to microbial loads and animal species [10]. Certain bacterial pathogens, such as Vibrio spp. and Salmonella, are known to resist depuration even after days [10], particularly when internalised in digestive tissues or associated with biofilms on the gills [11,12,13]. Differences in water pumping activity between species (e.g., cockles vs. mussels) further contribute to inconsistent purification outcomes [14]. Several studies have shown that common depuration techniques, such as ozone, chlorine, and ultraviolet radiation, have limited efficacy in eliminating certain pathogens [15]. However, combining these techniques with variations in temperature and salinity has been reported to enhance the reduction of some pathogenic strains, although extended depuration periods are still consistently required [12,16,17]. This will inevitably affect the freshness and safety of the final product once it is made available to supply chains [10]. Despite depuration efforts, foodborne illnesses caused by the consumption of bivalves remain a concern worldwide and a threat to public health [18,19]. This concern is further aggravated by the increase in antimicrobial resistance (AMR) [5]. As AMR bacteria continue to increase globally, complications from consuming contaminated food items [20] are likely to aggravate the clinical outcomes of bacterial food illness. Bacteria such as E. coli, Salmonella serovars, Aeromonas spp., and V. parahaemolyticus are commonly involved in these outbreaks and are often present in bivalves [17,20,21].



As demand for bivalves grows, the need for imports from other countries also increases. In 2023, China, the world’s largest producing country, represented about a quarter of production worldwide, with an annual production of more than 16 million tonnes [1]. However, differences in production and regulatory frameworks have raised concerns regarding imports [1,6]. Imported bivalves may carry higher or unfamiliar pathogen loads [6,22,23], placing additional pressure on depuration facilities.



Despite the monitoring of farming areas and imports, a higher success at guaranteeing the safety of bivalves being traded live often relies on increased depuration times [10], a scenario that negatively affects profitability, as it increases product prices, a trend being recorded in recent years [24]. Extended depuration is not always possible, as apart from the operational costs associated with prolonged holding times, an increase in mortality rates may also occur for certain species [25].



The coexistence of the limitations of depuration [17,26] and AMR pathogens in shellfish [5] highlights the need for new antimicrobial strategies compatible with existing food safety frameworks.



The use of phages has gained renewed interest in recent decades after growing evidence of their successful application in multiple fields [27,28,29,30], including regulatory approvals for human use [31] and certification of several phage formulations for industrial use [32]. Although the current European legal framework does not yet include the use of phages in food safety applications, several phage-based formulations have been approved by the U.S. Food and Drug Administration (FDA) for use in foods, including Listex™ and PhageGuard® (Micreos, Wageningen, The Netherlands) [33]. Recently, the EFSA has included phages within its guidance for the evaluation of substances intended for microbial decontamination of foods of animal origin, specifying detailed phage-specific data requirements related to safety, genetic characterisation, antimicrobial resistance, lysogeny, and efficacy [34].



Phages present unique features, such as their target specificity, offering targeted and conservative approaches with no impact on remaining bacterial communities [35]. Commercial phage-based products are already approved for the control of Listeria monocytogenes, Shigella spp., Salmonella spp., or E. coli in various applications, demonstrating their safety and suitability for food processing environments [36]. Furthermore, while bacteria can evolve to resist phage infection, several studies have reported that resistant variants often present reduced bacterial fitness compared with the parental strain [37,38,39,40]. Such fitness costs may reduce bacterial persistence in bivalve tissues or enhance their removal during depuration [15]. For this reason, the combined use of phages with standard industrial or agricultural practices has been advocated to improve profitability when having to treat bacterial diseases, control bacterial growth, and extend product shelf life [41]. However, in the bivalves depuration industry, there are still a limited number of studies that explore the effects of phage applicability during depuration [42,43,44,45]. Critical questions remain concerning phage stability in depuration water [46], efficacy across different bivalve species [14], the effects of phage dose (multiplicity of infection (MOI)) [43], efficacy of phage cocktails targeting single and multiple bacterial species [47,48], and compatibility with UV [37] or other water disinfection treatments.



The gaps detailed above demonstrate a clear need for studies supporting the use of phages to enhance depuration performance, reduce pathogen loads more efficiently, and offer a practical, cost-effective tool to support food safety in the bivalve industry. Therefore, in the present study, a formulated phage cocktail was used to test its efficacy in the decontamination of artificially (single- and multi-species contaminated) and naturally contaminated bivalve molluscs, using common cockles (Cerastoderma edule) as a case study.




2. Materials and Methods


Common cockles are of high socioeconomic importance in Portugal, namely in the region of Aveiro [49], where this study was performed. Commercially depurated cockles were purchased from a local supplier and used to evaluate the effects of the phage cocktail under controlled conditions against single and multiple bacterial species artificially added to the bivalves (Section 2.5 and Section 2.6) (Figure 1). Subsequently, cockles harvested from the wild were also used to evaluate the effectiveness of the cocktail against the bacteria naturally present in mollusc bivalves (Section 2.7) (Figure 1). To monitor bacterial numbers during the experiments, cockle samples were quantified by plating on Tryptic Soy Agar (TSA; Liofilchem, Roseto degli Abruzzi, Italy) or saline TSA (3% w/v NaCl) for marine bacteria as some Vibrio species do not grow in the absence of salt [50]. Selective and differential media were also used in the experiments with multiple bacterial species and with naturally contaminated bivalves to further analyse treatment effects on specific bacterial groups (Section 2.6 and Section 2.7) (Figure 1). Phages were quantified using standard TSA. Bacteria and phages were quantified in the cockles, using the flesh and intra-valvular liquid (FIL), but in the experiments with multiple bacterial species and with naturally contaminated bivalves (Section 2.6.2 and Section 2.7), the determinations were also done in water, with samples being collected from the reservoir water tank (Figure 2 (1)) and in case of bacteria, also from the tank water of each experimental bivalve groups (Figure 2 (8)).



2.1. Bacterial Strains and Growth Conditions


The bacterial strains used in the present study were A. hydrophila (ATCC 7966), E. coli (ATCC 13706) and S. Typhimurium (ATCC 13311), all being acquired from the American Type Culture Collection. Vibrio parahaemolyticus (022C) was isolated from water samples and already used in a previous study [38]. Bacterial cultures were preserved at 4 °C in standard TSA or saline TSA (3% w/v NaCl) for marine bacteria. For each experiment, a single colony was inoculated in Tryptic Soy Broth (TSB, Liofilchem, Roseto degli Abruzzi, Italy) and incubated overnight at 25 °C at 120 rpm, reaching a final density of approximately 109 CFU/mL. Saline TSB (3% w/v NaCl) was used for marine bacteria.




2.2. Phage Purification, Enrichment, and Combination in Cocktail


A polyvalent phage cocktail of four phages: AH-1, ECA2, phSE-5, and LMAVpSH (in short SH) designed to treat specific bacteria known to contaminate bivalves was employed in the present study. The phages used in this cocktail are part of our laboratory collection [38,42,43,44] and are kept at 4 °C in SM buffer (0.1 M NaCl (Sigma-Aldrich, Darmstadt, Germany), 20 mM Tris-HCl (Sigma-Aldrich, Darmstadt, Germany), and 8 mM MgSO4 (Sigma-Aldrich, Darmstadt, Germany), pH 7.5). Phage titres were individually monitored by double agar layer, using soft TSB and standard TSA [51] on their specific hosts: (phage AH-1) A. hydrophila; (Phage ECA2) E. coli; (phage phSE-5) S. Typhimurium; and (phage SH) V. parahaemolyticus. New stocks were produced according to [38] when the titre decreased considerably or if more volume of phage stock was required. Phages were kept separate and were combined in cocktail only when used. To prepare the phage cocktail, phages were individually added to the water tank to a final concentration of 105 plaque forming units per millilitre (PFU/mL) for phages AH-1, ECA2, and phSE-5 and 106 PFU/mL for phage SH, with these concentrations having been previously determined in vitro as the most suitable for infection in vitro studies [28,38,42,43,44].




2.3. Animal Handling and Conditioning


Commercially fresh depurated cockles (30.2 ± 1.36 mm) were selected as biological models, in line with previous studies [43,44]. Specimens were purchased from a local wholesaler (Mar de Sensações Lda. Gafanha da Nazaré, Portugal), after being depurated for 48 h at 15–16 °C in a commercial depuration facility using natural seawater irradiated with UV–C. Subsequently, these cockles were transported to the laboratory and rinsed in sterile synthetic seawater [prepared by dissolving Tropic Marin Pro Reef salt (TropicMarine, Wartenberg, Germany) with freshwater purified by a reverse osmosis unit, according to the instructions provided by the manufacturer, at a salinity of 35 ppt and a temperature of 16 ± 1 °C. After this initial procedure, all specimens were transferred to aerated tanks with sterile synthetic seawater (prepared as described above) at a salinity of 35 ppt and a temperature of 16 ± 1 °C, prior to being transferred to a laboratory scale depuration system [43].



Cockles were also collected from the wild at Canal do Espinheiro (Ria de Aveiro, Portugal) 40°39′16.6″ N 8°41′53.4″ W (RIAV3 area) with a B classification (according to Regulations EC 853/2004 and 2285/2015) in terms of microbiological safety (230–4600 MPN E. coli per 100 g of FIL) (Section 2.8). These organisms were not previously depurated, being transported to the laboratory post capture and rinsed in sterile synthetic seawater as detailed above for previously depurated conspecifics.




2.4. Bacterial Bioaccumulation in Depurated Cockles


A total of 240 commercially depurated cockles were used in this experiment. Specimens were randomly divided in five equal groups (four test groups and one control group) and were placed in glass tanks (100 mm long × 90 mm wide × 150 high) of approximately 1.35 L, operating as a static system, with aeration, and filled with 0.6 L of sterile synthetic seawater. For each test, three different experimental replicate tanks per treatment were used, each one holding 16 cockles. To evaluate the rate of bacterial bioaccumulation in cockles, the water of individual tanks was inoculated with bacteria to a final concentration of 105 CFU/mL. Four different bacterial strains were used: A. hydrophila, E. coli, S. Typhimurium, and V. parahaemolyticus forming the four test groups. In parallel, a group of uninfected animals was kept in the same conditions but without bacterial addition to the water (control group; CTR). Before the beginning of the experiment and every 6 h post exposure, three cockles were randomly selected from each tank and their FIL was pooled to a final weight of 10 g and blended in 90 mL of alkaline peptone water (Liofilchem, Roseto degli Abruzzi, Italy). The sample was homogenised using a Bag Mixer 400 (Interscience, Saint Nom la Brétèche, France), serially diluted ten-fold and an aliquot of each dilution was pour plated using molten TSA. Colony counts were performed after an incubation period of 48 h at 25 °C [44]. Bacterial numbers in the FIL were quantified by plating in TSA or saline TSA for marine bacterium. This experiment was repeated in three different days.



Considering the results retrieved from the bacterial bioaccumulation experiments, which revealed that, within 6 to 12 h, all cockles accumulated bacterial concentrations comparable to those added to the water, a 12 h exposure period was selected for all subsequent experiments.




2.5. Depuration of Artificially Contaminated Cockles with Individual Bacterial Strains


The decontamination experiments were performed using a laboratory scale depuration system (Figure 2) described in detail in previous studies [42,43]. Briefly, each of the four lines of tanks was connected to an independent 16 L water reservoir, allowing the study of independent variables. Water was recirculated by a submerged pump (Eheim Compact+ 3000; Eheim, Deizisau, Germany) and irradiated with 6W UV-C lamp PC-6T5 (TMC, Chorleywood, UK) using a UV filter TMC V2 Vecton 120 Nano (TMC, Chorleywood, UK). To reduce the levels of organic matter in the water, a protein skimmer (RedSea Berlin Air-Lift 60; Red Sea Fish Pharm, Herzliya, Israel) equipped with an air pump (API Rena Air 200; Aquarium Pharmaceuticals, Glen Burnie, MD, USA) was installed in each tank. The reservoir tanks were placed inside a larger 120 L tank that recirculated water through a cooling unit (Hailea HC 500-A; Hailea Aquarium, Guangzhou, China) using a submerged water pump to maintain a cooler temperature in the water tanks during depuration.
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Figure 2. Side-view schematic of the laboratory-scale depuration system. 1—14 L water tank; 2—Submerged water pump (Eheim Compact+ 3000; Eheim, Deizisau, Germany); 3—UV filter (TMC V2 Vecton 120 nano; TMC, Chorleywood, UK); 4—Protein skimmer (RedSea Berlin Air-Lift 60; Red Sea Fish Pharm, Herzliya, Israel); 5—Air pump (API Rena Air 2000; Aquarium Pharmaceuticals, Glen Burnie, MD, USA); 6—120 L cooling water tank; 7—cooling unit (Hailea HC 500-A; Hailea Aquarium, Guangzhou, China); and 8—independent tank line. The cooling system functioned as a recirculating water bath, simultaneously cooling the four independent water reservoirs and their tank lines. Arrows indicate the direction of the water flow. 
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To understand the effects of phage application during depuration of artificially contaminated cockles, two different experiments were performed using bacteria commonly detected in contaminated bivalves: (1) E. coli, an indicator of faecal contamination used to monitor shellfish farming areas and evaluate the efficiency of depuration procedures; and (2) V. parahaemolyticus, a bacterium implicated in food-poisoning outbreaks and recognised for its resistance to depuration procedures commonly employed by the industry [10].



Commercially depurated animals were infected with either E. coli or V. parahaemolyticus in the abovementioned conditions (Section 2.4) and evenly distributed in three of the tank lines of the laboratory scale depuration system. Four experimental groups were established (Table 1), each one with three replicate tanks: a control group—uninfected commercially depurated cockles being maintained in recirculating water without any treatment; a bacterial control group—infected cockles being maintained in recirculating water without any treatment; an UV-irradiated group—infected cockles being maintained in recirculating water system with UV lamps to mimicking commercial depuration facilities; and a phage treatment group—infected specimens being maintained in recirculating water in the presence of the phage cocktail without UV radiation. In the beginning of the experiment and every 6 h, three cockles were randomly selected from each tank for bacterial quantification, as detailed above (Section 2.4). Additionally, an aliquot of the phage treatment group was plated by double agar layer using the respective host bacteria (E. coli or V. parahaemolyticus) to quantify the titre of phages in the cockles. Colony counts were performed after an incubation period of 48 h at 25 °C and phage plaque counts were performed after incubation for 18 h at 25 °C.




2.6. Depuration of Artificially Contaminated Cockles with a Mixture of the Four Different Bacterial Stains


As multiple bacterial species may naturally be present in bivalves, cockles were simultaneously exposed to all four bacterial strains (A. hydrophila, E. coli, S. Typhimurium, and V. parahaemolyticus) at a final concentration of 105 CFU/mL.



2.6.1. Depuration Using the Phage Cocktail (AH-1, ECA2, phSE-5 and LMAVpSH)


Following infection for 12 h, cockles were transferred to the depuration system and treated under the same conditions as described above (Section 2.6 and Table 1). Additionally, to monitor phage numbers in the recirculating water, a water sample was collected from the reservoir water tank (Figure 2 (1)) connected to the phage tank line after 6 and 12 h of incubation and plated by double agar layer using the four different hosts individually. Bacterial counts were performed after 48 h of incubation at 25 °C and phage plaque counts were performed after incubation for 18 h at 25 °C.




2.6.2. Depuration Using a High Dose (MOI 100) of the Phage Cocktail


As the efficacy of treatment was reduced when the phage cocktail was applied to multiple bacterial strains, an additional experiment was prepared using a phage dose 100 times higher than the initial one (MOI 100). For this experiment, each individual phage was added to the tank water to a final titre of 107 PFU/mL. Colony counts and phage titre in cockles were determined in the same conditions described above (Section 2.6.1). To better understand the effects of this specific treatment, aliquots of water from the reservoir water tank (Figure 2 (1)) of all the four groups were collected and bacterial numbers were monitored by plating in TSA and saline TSA. Additionally, to monitor the effects of treatment on the reduction of a specific bacteria, 100 µL aliquots of bivalve homogenate were also spread plated in selective media, namely: Glutamate starch phenol red agar (GSP agar, Sigma, Germany), Thiosulfate–citrate–bile salts–sucrose agar TCBS (Liofilchem, Italy), and SS agar (Liofilchem, Italy) used to quantify Aeromonas (yellow colonies in GSP), Vibrio (green or yellow colonies in TCBS), E. coli (pink colonies in SS), and S. Typhimurium (dark colonies in SS), respectively. Colony counts were performed after 48 h at 25 °C and phage plaque counts were performed after incubation for 18 h at 25 °C.





2.7. Depuration of Naturally Contaminated Bivalves Using the Phage Cocktail (MOI 100)


To understand if the results from previous experiments performed using commercially depurated cockles artificially infected could be transferred to a real-world application, naturally contaminated conspecifics were used in this experiment. As these bivalves were not artificially infected, they were only divided in three experimental groups: a control group, with uninfected specimens being kept in recirculating water; a UV group, with uninfected specimens being kept in recirculating water treated with UV and; a phage group, with uninfected specimens being treated with the phage cocktail at a final concentration of 107 PFU/mL. Every 6 h interval, tank water and specimens were sampled for quantifying bacteria and phages. Tank water was analysed by collecting an aliquot from each experimental tank reservoir (Figure 2 (1)). Bacteria colony counts in cockles were performed by pour plate in TSA, saline TSA, and by spread plate using the four selective media (Section 2.6.2). Water bacterial colony counts were performed only in TSA and saline TSA. Phages from bivalve samples and water samples of the reservoir tank were quantified by double agar layer using the four different bacterial hosts individually. Bacteria plates were incubated for 48 h at 25 °C and phage plaque counts were performed after 18 h of incubation at 25 °C.




2.8. Statistical Analysis


Statistical analyses were performed using GraphPad Prism 8.4.3 (San Diego, CA, USA). Normality and equality of variances were assessed using the Kolmogorov–Smirnov and Levene tests, respectively. For Section 2.4 and Section 2.5, bacterial concentrations were analysed using two-way ANOVA with treatment (four levels: control, control bacteria, UV-irradiated, and phage treatment) and time (three levels: 0 h, 6 h, and 12 h) as fixed factors. Tukey’s multiple comparison test was applied for post hoc analysis between all groups. Data represent the mean of three independent experiments, each including three tanks per treatment, and test samples were compared with the corresponding control group at each sampling interval. For Section 2.6 and Section 2.7, a single experiment was performed with three tanks per treatment serving as biological replicates. Within each tank and time point, three tanks were sampled as technical replicates, and their mean was used as the biological replicate for statistical analysis. Data were analysed using two-way ANOVA with treatment and time as fixed factors, followed by Tukey’s multiple comparison test between all groups. A p-value < 0.05 was considered statistically significant.



For variations in viral titres in cockles (Section 2.6.1, Section 2.6.2 and Section 2.7), at each time point (6 h and 12 h), a paired design was used, with each tank serving as biological replicate (n = 3). Due to the small sample size, a nonparametric Wilcoxon matched-pairs signed-rank test was performed. All statistical analyses were two-tailed, and p < 0.05 was considered statistically significant.



The single multi-bacterial assay was considered sufficient because prior validation experiments demonstrated high reproducibility of the depuration system, with low variation between independent experiments, and additional independent experiments were therefore not expected to substantially improve statistical robustness. By performing only a single assay, it was possible to minimise the use and sacrifice of animals, in accordance with the 3Rs principle for animal experiments.





3. Results


3.1. Bacteria Bioaccumulation in Depurated Cockles


When cockles were kept under aeration in seawater artificially contaminated with each individual bacterial strain tested, bacterial concentrations inside cockles rapidly rose to concentrations similar to those of surrounding water after 6 h (Figure 3). The bacterial concentrations observed in all groups after 6 h were significantly higher than in the uninfected control group (CTR) (p < 0.05). After 12 h of experiment, no significant differences were observed among infected groups (p > 0.05). Furthermore, when comparing bacterial concentrations within infected cockles over time, no significant differences were detected between 6 and 12 h (Figure 3, p > 0.05). Based on these results, a 12 h (overnight) incubation period was selected to facilitate subsequent experiments.




3.2. Depuration of Cockles Artificially Contaminated with Escherichia Coli


When artificially contaminated cockles were transferred for depuration, the effects of treatment began to be observed after 6 h (Figure 4A). At this time, the concentration of bacteria in the cockles treated with UV irradiation and with phages was significantly lower than the bacterial concentration in the control group (CTR B) (p < 0.05). However, no significant differences were observed when the UV irradiated group was compared with the phage treatment group (p > 0.05). After 12 h of depuration, both the UV irradiated cockles and those from the phage treatment groups remained significantly lower (p < 0.05) than the bacterial control (CTR B), with a reduction of 0.91 and 1.64 Log CFU/g, respectively. Additionally, the phage treatment group showed significantly lower levels than the UV irradiated group (p < 0.05), but did not differ significantly from the uninfected control (CTR) group (p > 0.05). Although no significant differences were detected (p > 0.05), the bacterial concentration in the animal control increased by 0.66 Log CFU/g during the 12 h of experiment. Phage quantification in cockles showed that after 6 h, phage levels were similar to the administered dose, followed by a slight decrease during the remaining treatment (Figure 4B).




3.3. Depuration of Cockles Artificially Contaminated with Vibrio Parahaemolyticus


When the same experiment was repeated for cockles artificially contaminated with V. parahaemolyticus, the effects of treatment were observed earlier than in the E. coli experiments (Figure 5A). After 6 h of treatment, bacterial concentrations in both the UV and with the phage cocktail treatments were significantly lower than the infected control group (CTR B) (p < 0.05) with a reduction of 1.16 and 1.00 Log CFU/g, respectively (Figure 5A). After 12 h of depuration, bacterial concentration in treatment groups continued to decrease, reaching reductions of 1.59 and 1.61 Log CFU/g in the UV and phage treatment, respectively. After 12 h, no significant differences (p > 0.05) were observed between the treatment with UV and the phage cocktail nor between both treatments and the uninfected control (CTR) (p > 0.05). Bacterial concentration in specimens of the uninfected control group (CTR) remained constant during the experimental period. After 6 h, phage quantification in the cockles reached 5.02 Log PFU/g and remained stable throughout the 12 h experiment period (Figure 5B).




3.4. Depuration of Cockles Artificially Contaminated with the Mixture of the Four Bacterial Strains


3.4.1. Depuration with Phage Cocktail (AH-1, ECA2, phSE-5, and LMAVpSH)


When cockles were infected with the four different bacterial strains, the efficacy of depuration was reduced (Supplementary Figure S1A,B). After 12 h, a significant decrease (p < 0.05) was observed for the UV irradiated group, with reductions of 0.98 and 0.79 Log CFU/g for plate counts on TSA and saline TSA, respectively. In contrast, the phage treatment group did not show any significant differences in bacterial concentration (p > 0.05), despite the high phage titres (varying between 4.9–5.5 Log PFU/g) detected inside the cockles (Supplementary Figure S1A). Bacterial counts on standard TSA and saline TSA showed only slight differences in concentration (approximately 0.2 Log CFU/g), showing bacterial concentrations in the infected control group (CTR B) varied from 5.97 to 5.77 Log CFU/g when plated on standard TSA and saline TSA, respectively, with no significant differences (p > 0.05). The uninfected control group (CTR) maintained the bacterial concentrations, with a variation of only 0.1 Log CFU/g.



Phage titres in cockles (Supplementary Figure S2A) showed that all phages in the cocktail successfully reached the animals with only slight reductions when compared with the water (Supplementary Figure S2A,B). After 12 h, increases in the titres of phages infecting A. hydrophila and V. parahaemolyticus were observed in both the water and cockles. Phages targeting A. hydrophila increased by 0.2 Log PFU/mL and 0.07 Log PFU/g, while those targeting V. parahaemolyticus increased 0.32 Log PFU/mL and 0.2 Log PFU/g in the water and in the cockles, respectively. Phages infecting S. Typhimurium increased by 0.3 Log PFU/g in cockles, but showed no change in tank water. Conversely, phages infecting E. coli increased by 0.2 PFU/mL in the water, but their titres remained unchanged in cockles. In cockles, phages showed a consistent increase across all tanks sampled but none of the changes were statistically significant when analysed with the nonparametric Wilcoxon matched-pairs signed-rank test (n = 3).




3.4.2. Depuration with Phage Cocktail at MOI 100


After 12 h of depuration, the UV treatment group showed significantly lower bacterial levels than the infected control group (CTR B) (p < 0.05) with reductions of 1.17 and 1.26 Log CFU/g on TSA and saline TSA, respectively. Treatment with phages showed a significant bacterial decrease (p < 0.05) of approximately 0.88 and 0.91 Log CFU/g on standard TSA and saline TSA, respectively, compared with the infected control (CTR B) after 12 h of depuration (Figure 6A,B). No significant differences were detected between UV and phage treatments after 12 h (p > 0.05). In the uninfected cockle group (CTR), no statistically significant changes (p > 0.05) were observed throughout the experiment. Bacterial counts in selective and differential media revealed decreases in GSP, SS, and TCBS, suggesting a reduction in the corresponding target species: A. hydrophila, E. coli, S. Typhimurium, and V. parahaemolyticus (Supplementary Figure S3A–D). To further understand the effects of the treatment, aliquots of water from the experimental tanks and from the reservoir tank were collected in parallel for analysis after 6 and 12 h (Figure 6C). A lower bacterial concentration in recirculating water was recorded when compared to the levels detected in cockles. However, in water samples from the phage tank group, an increase in bacterial levels of 0.4 Log CFU/mL was recorded between 6 h and 12 h when plated in standard TSA. After 12 h, the bacterial concentration in the phage group was higher than in the infected control group (CTR B), with values of 4.18 Log and 3.94 Log CFU/mL, respectively.



Phage titre quantification in bivalves (Figure 7A) showed that the phages reached the cockles and remained at high levels throughout the experiment. Despite this, a difference of approximately 0.5 Log was observed between the phage concentration in cockles and in tank water (Figure 7B). After 12 h of experiment, the number of phages infecting E. coli decreased in the water; however, phage quantification in bivalves did not reveal any changes. Variations across cockles from all tanks sampled were not statistically significant when analysed with the nonparametric Wilcoxon matched-pairs signed-rank test (n = 3).





3.5. Treatment of Naturally Contaminated Bivalves


When the same experiment was performed to treat naturally contaminated cockles, a high decrease in bacterial contents was observed after treatment (Figure 8A,B). UV treatment resulted in a significant decrease (p < 0.05) of 0.79 Log CFU/g in bacterial counts after 6 h when plated on saline TSA (Figure 8B). However, bacterial counts on standard TSA did not differ significantly from the control group at this time (p > 0.05). After 12 h, both plate counts continued to decrease and were significantly lower than the control group (p < 0.05), with reductions of 1.69 and 1.12 Log CFU/g for TSA and saline TSA, respectively.



Cockles treated with the phage cocktail also showed a reduction in bacterial load after 6 h. However, at this point, the decrease in bacterial concentration differed significantly (p < 0.05) from the control group only for saline TSA, with a reduction of 0.64 Log CFU/g). After 12 h, reductions of 0.95 and 1.28 Log CFU/g were recorded for standard and saline TSA, respectively, both significantly lower than the control group (p < 0.05). Bacterial counts in specific media showed high variability in bacterial loads particularly for E. coli (Supplementary Materials).



Bacterial quantification in tank water showed an increase in bacterial numbers between 6 and 12 h for the control group and the phage treatment group (Figure 8C). In the phage treatment group, bacterial concentration in water increased from approximately 2.0 to 3.77 Log CFU/mL in standard TSA. In the control group water, bacterial concentrations were below the detection limit after 6 h but subsequently increased to final concentrations of 2.98 and 2.47 log CFU/mL on TSA and saline TSA, respectively. Nonetheless, concentrations remained higher in cockles than in the water.



Phage quantification in cockles and in the tank water (Figure 9A,B) showed that the titres remained high throughout the 12 h of experiment. In cockles, phages showed a consistent increase across all tanks sampled but none of the changes presented statistical significance when analysed with the nonparametric Wilcoxon matched-pairs signed-rank test (n = 3). However, as observed in the previous experiments, a difference of about 1.00 Log was recorded between the titre in water and that inside cockles.





4. Discussion


The ability to enhance bivalve depuration using phages offers a promising technology for depuration facilities by reducing operation costs and improving food safety [15].



In the present study, when phages were used to treat cockles artificially contaminated with individual bacterial strains, bacteria could be efficiently reduced to levels similar to those observed after UV treatment. In the experimental treatment of bivalves contaminated with E. coli, a collection strain (ATCC 13706) was selected because it was considered a strong biofilm former after 24 h of incubation on plastic surfaces [52]. The complex matrices of bacterial biofilms may have delayed the effect of phage treatment, observed only 12 h after the beginning of the experimental trials [53]. Contrarily, for cockles infected with V. parahaemolyticus, differences in bacterial load began to be observed after only 6 h. Similar results were observed when cockles were treated in static water systems using other bacterial species [43,44]. These differences can be the result of contrasting life cycles of the phages employed in the present study, as the Vibrio phage LMAvpSH presents a fast bacterial adsorption, with bacterial decrease being observed after only 2 h of incubation [38]. As Vibrio contaminations can force lengthy depuration treatments [10], the ability of phage LMAvpSH to reduce this bacterium effectively is a promising result for its application.



As bivalves naturally bioaccumulate different bacterial species, understanding the effect of phage use at a multi-bacterial scale is paramount. Therefore, the second step of our experiment was to evaluate the efficacy of the phage cocktail against the four bacterial species initially selected. When cockles were infected with multiple bacterial species and treated under the same conditions as when infected with individual bacterium, the efficacy of the cocktail was lower than that observed against E. coli and V. parahaemolyticus. Despite the high phage titres detected in cockles and tank water, bacterial numbers remained unaffected. The inclusion of several bacterial species in this assay may have resulted in the production of biofilm matrices that hindered phage penetration to infect bacterial cells [53], leading to the slight increase in phage titre, but requiring prolonged exposure to inactivate bacteria [54]. Additionally, as the phage titre did not decrease inside the bivalves, it is possible that phages have been reversibly adsorbed within the biofilm matrix. These adsorbed phages remain detectable, but are unable to successfully infect viable host cells [55]. Another possible explanation may be differences in the extent of bacterial colonisation of bivalves. As multiple bacterial species were used, their colonisation of the gut, gills, and haemolymph [11] may present additional challenges for phage infection. Phage diffusion can be hindered by the natural viscosity and binding properties of bivalve mucus [56]. Nonetheless, even if bacterial inactivation would require prolonged periods of phage exposure, an extended treatment would limit the practical use of phages during the depuration process.



Previous studies suggest that increasing phage dose can promote a faster bacterial inactivation [38,44]. As such, the experiment detailed above was repeated using a higher phage dose (100 times higher). When the phage dose was increased, the results recorded suggest that phages were able to circumvent previous challenges and efficiently reach bacteria, leading to a decrease in bacterial concentration. Moreover, bacterial reduction occurred more rapidly, after only 6 h of treatment. The results recorded suggest that using higher phage doses may provide better outcomes for depuration. Further analysis on selective media (Supplementary Figures S3 and S4) also showed that all the four bacterial species used in this study were reduced by that same treatment. Despite the bacterial reduction inside the cockles (0.88–0.91 Log CFU/g), the bacterial concentration in the tank water remained high (4.18–3.94 Log CFU/mL) in the presence of phages. These results suggest that bacteria in the water are not active enough to be used as hosts for phage infection, probably due to the low concentration of nutrients in the water [57,58]. These results are in agreement with a previous study reporting the use of phages to treat bacteria in low-nutrient marine water systems [58]. Based on these observations, our results suggest that the use of phages in depuration units should be considered only as a complementary strategy to enhance depuration and cannot replace water disinfection as a standalone treatment.



As harvested bivalves contain varying loads of naturally occurring bacterial communities, we performed an experiment using freshly harvested cockles without artificial infection to assess the applicability of this phage cocktail in a real-world scenario. The use of a high phage dose also caused bacterial reduction in specimens collected from the wild, indicating that the broad host range of the phage cocktail extends to naturally occurring bacteria. Furthermore, the analysis of tank water after 6 h of treatment revealed that bacterial loads were higher in phage-treated tanks than in the cockle control groups. These results suggest that, under phage selective pressure, bacteria can be released into the water rather than remaining within the bivalves. This finding may be the result of a phage-induced disruption of bacterial biofilms, destabilising microbial colonisation in the bivalves. As phages lyse bacteria, depolymerase activity disrupts the biofilm matrix, which fosters the release of uninfected bacteria to the water [59,60]. This observation may also be explained by the emergence of phage-resistant bacterial mutants. As phage start to infect the bacterial population, resistant mutants begin to emerge, often presenting metabolic changes that can affect bacterial fitness [61]. These changes can be observed through a slower growth of phage resistant mutants [37,38], loss of virulence [39], and loss of ability to adhere to surfaces [40]. In fact, in a study using phages for the control of Vibrio cholerae, an increase of planktonic cells was observed during the destruction of the biofilm using phage JSF7 [62]. If bacteria are losing their ability to adhere to animal tissues and concentrate in the water, they are more likely to be efficiently destroyed by water disinfection processes, such as UV radiation or ozone, employed in commercial depuration facilities. As natural bacterial concentrations vary among species, environmental conditions, human activities, and geographic region, a large-scale study incorporating animals from multiple regions will be necessary to support industrial implementation of this technology.



Finally, as Gram-negative bacteria may release endotoxins upon lysis, future studies should evaluate the release and concentration of these molecules in bivalves, as well as their potential impact on the safety of the final product [63].




5. Conclusions


The present study demonstrates the potential of a multi-species phage cocktail to enhance industrial depuration processes. Our findings confirm that phages can effectively reduce bacterial concentration in bivalves, and that their selective pressure on natural bacterial communities may be leveraged to improve standard depuration protocols. Specifically, short-term exposure of bivalves to high phage doses prior to water disinfection may enhance the performance of well-established practices, promoting an increased bacterial clearance efficiency. These findings provide a critical proof-of-concept for the integration of phage-based applications into industrial depuration systems and pave the way for future translational applications; however, further testing under industrial conditions is needed to validate and optimise these approaches.
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Figure 1. Flow diagram depicting the experiments. * Bacterial and phage numbers were also monitored in the recirculating water by analysing aliquots from the reservoir tanks of each group. 
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Figure 3. Bacterial bioaccumulation of common cockles (Cerastoderma edule) kept in seawater previously inoculated with bacteria to a final concentration of 105 CFU/mL. CTR: control group—cockles kept in aerated water tanks without the addition of bacteria to the water and plated in standard TSA (CTR) or in saline TSA (CTR saline); E. coli—cockles kept in tanks with E. coli added to the water; S. Typhimurium—cockles kept in tanks with S. Typhimurium added to the water; A. hydrophila—cockles kept in tanks with A. hydrophila added to the water and; V. parahaemolyticus—cockles kept in tanks with V. parahaemolyticus added to the water. Values represent the mean of three experiments and error bars represent standard deviation. * p < 0.05 compared with the control (CTR) group; ns p > 0.05. 
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Figure 4. (A) Bacterial concentrations in cockles (Cerastoderma edule) during depuration. Cockles were infected 12 h with E. coli to a final concentration of 105 CFU/g prior to the experiment. CTR: uninfected cockles (control group); CTR B: Infected cockles with no treatment (bacterial control); UV: Infected cockles treated with UV (conventional treatment); Phage: Infected cockles treated with the phage cocktail. (B) Phage titre in cockles (Phage group) quantified by the double agar layer method using E. coli as host. Values represent the mean of three experiments and error bars represent standard deviation. * p < 0.05 compared with the control (CTR B) group. 






Figure 4. (A) Bacterial concentrations in cockles (Cerastoderma edule) during depuration. Cockles were infected 12 h with E. coli to a final concentration of 105 CFU/g prior to the experiment. CTR: uninfected cockles (control group); CTR B: Infected cockles with no treatment (bacterial control); UV: Infected cockles treated with UV (conventional treatment); Phage: Infected cockles treated with the phage cocktail. (B) Phage titre in cockles (Phage group) quantified by the double agar layer method using E. coli as host. Values represent the mean of three experiments and error bars represent standard deviation. * p < 0.05 compared with the control (CTR B) group.



[image: Fishes 11 00103 g004]







[image: Fishes 11 00103 g005] 





Figure 5. (A) Bacterial concentrations in cockles (Cerastoderma edule) during depuration. Animals were infected over 12 h with V. parahaemolyticus to a final concentration of 105 CFU/g prior to the experiment. CTR: uninfected cockles (control group); CTR B: Infected cockles with no treatment (bacterial control); UV: Infected cockles treated with UV (conventional treatment); Phage: Infected cockles treated with the phage cocktail. (B) Phage titre in cockles (Phage group) quantified by the double agar layer method using V. parahaemolyticus as host. Values represent the mean of three experiments and error bars represent standard deviation. * p < 0.05 compared with the control (CTR B) group. 
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Figure 6. Total bacterial counts in cockles (Cerastoderma edule) during depuration plated in standard TSA (A) and in saline TSA (B), and total bacterial counts of the recirculating water of each tank line plated on TSA and saline TSA (C). Animals were infected for 12 h with four bacterial species: A. hydrophila, E. coli, S. Typhimurium, and V. parahaemolyticus to a final concentration of 105 CFU/g prior to the experiment. CTR: uninfected group (control group); CTR B: Infected cockles with no treatment (bacterial control); UV: Infected cockles treated with UV (conventional treatment); Phage: Infected cockles treated with the phage cocktail at 107 PFU/mL. Values represent the mean and standard deviation from three experimental replicate tanks. Tick line represents the detection limit of the quantification method and D.L indicates that the values were below the detection limit of the method. The analysis of tank water was performed from the reservoir tank of each tank line of the recirculating system (Figure 2 (1)). * p < 0.05 compared with the infected control (CTR B) group. 
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Figure 7. Phage quantification in cockles (Cerastoderma edule) (A) and in the tank water (B) after 6 and 12 h of experiment using A. hydrophila, E. coli, S. Typhimurium, and V. parahaemolyticus as hosts. Phage quantification in cockles was performed for specimens from each tank and values represent the mean and standard deviation. The water analysis was performed once for the reservoir tank supplying the phage tank line in the recirculating system. ns p > 0.05. 
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Figure 8. Total bacterial counts in cockles (Cerastoderma edule) during depuration plated in standard TSA (A) and in saline TSA (B) and total bacterial counts of the recirculating water of each tank line plated on TSA and saline TSA (C). Freshly harvested animals were used in this experiment. CTR: freshly harvested cockles with no treatment; UV: freshly harvested cockles treated with UV (conventional treatment); Phage: freshly harvested cockles treated with the phage cocktail at 107 PFU/mL. Values represent the mean and standard deviation from three experimental replicate tanks. Tick line represents the detection limit of the quantification method and D.L indicates that the values were below the detection limit of the method. The analysis of tank water was performed for the main tank of the recirculating system. * p < 0.05 compared with the control (CTR) group. 
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Figure 9. Phage quantification in cockles (Cerastoderma edule) (A) and in the water (B) after 6 and 12 h of experiment using A. hydrophila, E. coli, S. Typhimurium, and V. parahaemolyticus as hosts. Phage quantification in cockles was performed for specimens from each tank and values represent the mean of three replicates and standard deviation. The water analysis was performed once for the reservoir tank supplying the phage tank line in the recirculating system. ns p > 0.05. 
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Table 1. Experimental design using the four tank lines depicting the conditions and the analysis performed.
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Tank Line

	
Name

	
Pre-Treatment

	
Number of Tanks

	
Test Condition

	
Analysis






	
1

	
CTR—Uninfected cockles

	
Commercially depurated specimens

	
3

	
Recirculating seawater with no treatment

	
FIL colony counts performed in standard TSA and saline TSA




	
2

	
CTR B—Infected cockles

	
Commercially depurated specimens infected with bacteria for 12 h with E. coli or V. parahaemolyticus to a final concentration of 105 CFU/g

	
3

	
Recirculating seawater with no treatment




	
3

	
UV—UV-irradiated group

	
3

	
Recirculating seawater irradiated with UV lamps




	
4

	
Phage—Phage treatment group

	
3

	
Recirculating seawater inoculated with phage cocktail

	
FIL colony counts performed in standard TSA and saline TSA




	
Phage quantification performed in soft TSB and standard TSA
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