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Abstract

:

Food safety is very important in the food industry as most pathogenic bacteria can cause food-borne diseases and negatively affect public health. In the milk industry, contamination with Salmonella has always been a challenge, but the risks have dramatically increased as almost all bacteria now show resistance to a wide range of commercial antibiotics. This study aimed to isolate a bacteriophage to be used as a bactericidal agent against Salmonella in milk and dairy products. Here, phage ZCSE6 has been isolated from raw milk sample sand molecularly and chemically characterized. At different multiplicities of infection (MOIs) of 0.1, 0.01, and 0.001, the phage–Salmonella interaction was studied for 6 h at 37 °C and 24 h at 8 °C. In addition, ZCSE6 was tested against Salmonella contamination in milk to examine its lytic activity for 3 h at 37 °C. The results showed that ZCSE6 has a small genome size (<48.5 kbp) and belongs to the Siphovirus family. Phage ZCSE6 revealed a high thermal and pH stability at various conditions that mimic milk manufacturing and supply chain conditions. It also demonstrated a significant reduction in Salmonella concentration in media at various MOIs, with higher bacterial eradication at higher MOI. Moreover, it significantly reduced Salmonella growth (MOI 1) in milk, manifesting a 1000-fold decrease in bacteria concentration following 3 h incubation at 37 °C. The results highlighted the strong ability of ZCSE6 to kill Salmonella and control its growth in milk. Thus, ZCSE6 is recommended as a biocontrol agent in milk to limit bacterial growth and increase the milk shelf-life.
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1. Introduction


Milk and its byproducts are a crucial source of nutrition due to their high contents of protein and minerals. However, milk is prone to microbial contamination by both pathogenic and spoilage organisms. This will lead to economic and public health challenges due to food spoilage, infectious diseases such as Shiga toxin-producing Escherichia coli (STEC), enterotoxin-producing Staphylococcus aureus, Salmonella, and Listeria monocytogenes, and the high cost of disease treatment, especially in low-income communities [1,2]. In the dairy industry, milk quality and safety have always been a priority, through various milk disinfection approaches to eliminate and control bacterial growth [3].



One of the widely disseminated bacteria within the milk food process is Salmonella, a facultative anaerobic Gram-negative bacterium, that belongs to the Enterobacteriaceae family. Salmonella usually spreads via the consumption of contaminated food such as milk, egg, and poultry meat. Salmonella enterica serovar Enteritidis is mostly isolated from salmonellosis epidemics caused by the ingestion of poultry products [4]. Recent reports highlighted the spread of antibiotic-resistant S. enterica in chicken and poultry farms in Egypt [5,6]. Improper handling in animal-derived foods would likely be a significant contributor to disease onset [7,8], but in plant-derived foods, cross-contamination via fecal residues has also a problematic role [9,10]. Moreover, S. Enteritidis is considered the main serotype that is associated with human infection, and about 87% of Salmonella outbreaks are due to house-made food that is contaminated with Salmonella. Thus, it is estimated that most of Salmonella foodborne disease is triggered by inappropriate handling [11].



The rise of antibiotic-resistant strains of S. Enteritidis encourages scientists to find new approaches to control the spread of this bacterium along the food chain [12]. Among the effective approaches are the rational running of the process line, good production hygiene, and the well-designed use of biocides and disinfectants. Although adequate cleaning processes are taken into consideration, bacteria can still be found on food and surfaces [13]. A potential biocontrol agent in food is the usage of bacteriophages which are bacterial viruses that have several advantages over antibiotics such as the inability to infect human cells, specificity towards bacteria, and a ubiquitous presence in nature that allows them to be used in food safety interventions [14,15]. Nevertheless, phage has some disadvantages, such as the emergence of resistant bacteria, phage-mediated transfer of antibiotic-resistance genes, lysogenic conversion, and other destabilizing factors such as pH, temperature, and food compounds which can affect phage activity [16]. Consequently, the selection and characterization of bacteriophages are essential steps to confirm their effectiveness for biocontrol use [17].



Many studies have demonstrated that bacteriophage can be used safely to reduce S. Enteritidis in milk and milk products. Numerous Salmonella phages were designated as biocontrol agents against S. Enteritidis in poultry [12,18,19,20,21,22]. Previous studies emphasized that bacteriophage was able to control salmonellosis much more effectively than the antibiotics only and, in some cases, it is better than a combination of both bacteriophage and antibiotics [23,24]. Previous works have highlighted the importance of bacteriophage in preventing food poisoning with S. Enteritidis [3,25] and confirmed that bacteriophage was able to inhibit the growth of S. Typhimurium in milk while maintaining milk color and stability as it is stored at 4 °C [10,26].



To date, various phage therapy applications have been reported with an effort to optimize the dosage forms and mimic the real milk production line. Thus, the aim of this study is to isolate and characterize phage from milk samples to control and reduce the presence of Salmonella spp. in milk while maintaining milk stability.




2. Results


2.1. Phage Specificity, Lytic Profile, and Efficiency of Plating


Phage ZCSE6 isolated from raw milk had a potent antibacterial effect against many of the isolates; showing an ability to form lysis zones (≥20 plaques) on 14 out of 39 Salmonella spp. isolates and one out of six E. coli isolates. It did not display any lytic activity against five Klebsiella pneumoniae strains or five Pseudomonas aeruginosa strains. The efficiency of plating (EOP) and lytic profile for phage ZCSE6 were further investigated against nine Salmonella strains that were randomly selected from the 14 susceptible strains identified by the initial screen. Four of these Salmonella isolates showed an EOP of more than 1, and three of them were between 1 and 0.5, while the other two strains were lower than 0.5 (Table 1). Plaque morphology can be described as halo or turbid: Halo plaques are a clear spot surrounded by a large halo, whereas the turbid plaques represent an unclear spot. The plaques formed by phage ZCSE6 had various morphologies on the different strains, with a cloudy zone observed around the center in seven out of nine strains (Figure 1A). The serotypes of selected samples indicated that CMPZCSB1 and CMPZCSB5 are Salmonella Typhimurium, CMPZCSB2 and CMPZCSB4 are Salmonella Blegdam, CMPZCSB3 is Salmonella Kentucky, CMPZCSB6 is Salmonella Gallinarum, and CMPZCSB7 and CMPZCSB9 are Salmonella Enteritidis (Table 1). Thus, we suggest that phage ZCSE6 has a bacteriolytic activity against a wide range of different Salmonella serotypes. However, further studies are needed to investigate the change of EOP for the selected phage on a bigger bacterial library including different serotypes of Salmonella.




2.2. Morphological Characteristics of ZCSE6 and Genome Size


The morphology of phage ZCSE6 belongs to the family of Siphoviridae (Figure 1(B.1–B.3)), with an icosahedral head and a long tail with high density at the end representing a short tail-spikes complex. The phage head size is 52.2 ± 3.9 nm, and the tail length is 111.6 ± 5.5 nm. The genome size for phage ZCSE6 is less than 48 kilobases (Figure 1C).




2.3. Phage Stability against Temperature and pH Levels


The ability of isolated phages to withstand a wide range of temperature and pH is a critical factor that may affect the applicability of phages as a biocontrol agent. The stability of phage ZCSE6 at various temperatures and pH levels was measured. Compared to the starting phage titer, the phage was stable at approximately 2 × 109 plaque-forming unit (PFU)/mL after 1 h of incubation at 45 °C. However, the phage titer at 65 °C and −20 °C was reduced 10-fold and continued to decrease at 70 °C to below 108 PFU/mL after 1 h of incubation. Phage recovery at a higher temperature, above 75 °C, was below the limit of detection (<103 PFU/mL) (Figure 1D). Phage was treated at different pH values to study the pH stability. The optimal pH for phage ZCSE6 was 7, and there was a reduction in phage titers in both an acidic and basic environment. The phage titers in pH levels 3, 4, 5, 7, 9, 10, 11, and 12 were 5.86 ± 0.03, 7.71 ± 0.23, 7.73 ± 0.15, 9.51 ± 0.07, 8.1 ± 0.17, 7.59 ± 0.21, 7.51 ± 0.07, and 6.5 ± 0.17 log10 PFU/mL, respectively (Figure 1E). Upon exposure to pH 2 and pH 13, the phage titer dropped below the detection limit.




2.4. The One-Step Growth Curve


To demonstrate the lysis ability of phage ZCSE6 against Salmonella bacteria, aerobic single-step growth experiments were carried out at an MOI of 1. The latent period (the time from phage adsorption to the release) and burst size (the number of released virions per single bacterium) were determined using the one-step-growth curve analysis (Figure 2A). The curve displayed that the latent period was around 20 min, and a rise time of 25 min, while the burst size was around 106 phages per single host bacterium.




2.5. Time-Killing Curve


The bacteriolytic effect of phage ZCSE6 on Salmonella strain was investigated in vitro at different MOIs (0.1, 0.01, and 0.001) (Figure 2B). The absorbance (OD600) of the bacteria without treatment with phage (control) increased rapidly from OD600 = 0.387 ± 0.006 to OD600 = 1.722 ± 0.013 after 420 min. All MOIs of phage ZCSE6 infected cultures showed significant bacterial killing activity (p < 0.001) during the first 360 min (6 h) of the infection period. For an MOI of 0.1, biocontrol activity was observed within the first 20 to 40 min of infection, and lytic activity was confirmed based on the change in the bacterial OD600 that decreased from 0.386 ± 0.022 to 0.151 ± 0.003 within the first 360 min of incubation. Correspondingly, bacteria infected with phage ZCSE6 at a reduced MOI of 0.01 took longer to exhibit inhibition activity (~60 min) with a reduction in bacterial turbidity, from OD600 = 0.434 ± 0.004 to 0.216 ± 0.003, observed after 390 min of infection. Bacteria incubated with phage ZCSE6 at an MOI of 0.001 needed up to 100 min to cause a bacteriostatic activity, and 360 min to reduce the bacterial absorbance from OD600 = 0.308 ± 0.009 to 0.218 ± 0.023. A secondary bacterial growth was detected in all cultures containing phage after 360 min of infection.




2.6. Lytic Activity at Low Temperature


To test the lysis efficiency of phage ZCSE6 at low temperatures to mimic the conditions of the chilled food chain and milk preservation, an infection experiment was performed at 8 °C for 24 h. After 4 hours, there was no significant difference between the control (3.66 × 106 ± 1.3 × 106 CFU/mL) and bacteria treated with phage (5 × 106 ± 1.1 × 106 CFU/mL) (p > 0.05). However, after 24 h, there was a significant difference between control 1.5 × 107 ± 4.2 × 106 CFU/mL and the one treated with phage 1.67 × 103 ± 1.33 × 103 CFU/mL with a 4 log10 reduction in bacterial titer (p < 0.005) (Figure 3A).




2.7. Suppression of Salmonella in Milk by Using Phage ZCSE6


To investigate whether the phage reduces Salmonella growth in milk under low temperature (37 °C) or not, we investigated the reduction by enumerating the viable cell numbers by adding phage ZCSE6 into whole milk (Figure 3B). Without phage treatment (control), Salmonella cell numbers reached 2.3 × 107 ± 1.7 × 107 CFU/mL in whole milk after 3 h of incubation. In contrast, in the treated sample, the Salmonella cell number was only 3 × 104 ± 2.2 × 104 CFU/mL (p < 0.05), which indicated that the treated bacterial cells decreased by 1000-fold compared to those without treatment. In addition, the phage titers increased significantly from 3.3 × 107 ± 6.5 × 106 PFU/mL to 2.6 × 109 ± 1.7 × 109 PFU/mL at 37 °C (p < 0.05) (Figure 3C).



Another experiment was conducted to predict the ability of phage ZCSE6 to reduce the bacteria present in milk over 24 h at room temperature (25 °C). The phage successfully reduced the bacterial count from 2 × 107 CFU/mL to 2 × 103 CFU/mL in the treated group in comparison to the control sample (Figure 4A), however secondary bacterial growth due to phage resistance is increased. The efficiency of phage to control the bacterial growth in milk stored at the optimal temperature to store the milk (4 °C), was better than that the efficiency of phage to control the bacterial growth at room temperature (25 °C) due to the absence of the secondary bacterial growth after 24 h (Figure 4B). In addition, the phage showed significant stability if the milk was stored at 4 °C for 6 days without any reduction in phage titer (Figure 4C).





3. Discussion


Salmonella is one of the most pathogenic bacteria in contaminated food, and it infects the digestive system. Food can be contaminated with these bacteria through cross-contamination due to bad handling. The implementation of antibiotics to control bacterial infections is significantly reduced these days due to the increasing incidences of antibiotic resistance among bacterial isolates; accordingly, the rate of related morbidity and mortality has increased worldwide. The antibiotic resistance crisis occurred due to the misuse and abuse of antibiotics by both human and industrial sectors [27]. Therefore, bacteriophages are introduced as alternatives to antibiotics [28]. In order to increase the benefits of phage-based therapies, a phage data bank is essential to build a foundation to understand phage–bacteria interactions and the possible risks and benefits of phage applications, especially in medical fields [29]. Thus, a significant effort was conducted to isolate and characterize novel phages against a wide range of bacteria to be used in the future in personalized medicine. Moreover, the delivery methods of lytic phages are a critical concern to maximize the benefits, limit any undesired consequences, and build an industrial model of phage application, storage, and delivery. In this study, we successfully isolated phage ZCSE6 from milk samples, characterized it, and studied the phage-bacteria dynamics to provide a good model to control the growth of pathogenic Salmonella in general, and particularly in milk.



Phage ZCSE6 was found to be effective against many strains of the tested Salmonella when it presented clear plaques against 14 Salmonella isolates without lytic activity against K. pneumoniae or P. aeruginosa isolates, which indicates the high specificity of isolated phage against Salmonella. On the other hand, the ability of phage ZCSE6 to lyse E. coli indicates that the phage can infect two different bacterial genus. Thus, phage ZCSE6 is a “divalent phage”, as it has been reported before for Salmonella and E. coli phages [30,31]. Moreover, the host range of phage ZCSE6 solves one of the huge issues of antibiotics, as the narrow host range of bacteriophage reduces the risk of affecting normal microbiota and developing resistance among bacteria. However, it might provide a disadvantage, as many of the infections may include more than one bacterial strain [32]. The plaques showed various morphologies on the different strains, as described above; phage ZCSE6 showed a cloudy zone around the center in seven strains (Figure 1A) as described in another study [33], and two strains did not display those patterns (Table 1).



Regarding the sensitivity of phage ZCSE6 toward temperature, there was a reduction in phage titer after incubating the phage at −20 °C due to the formation of ice crystals, thus the glycerol is preferred to be added to keep the phages safe at temperatures lower than 0 °C [34]. Furthermore, the thermal stability of phage ZCSE6 to a wide range of temperatures ranging from −20 °C to 70 °C was confirmed. Thus, it is recommended to apply phage in milk treatment, as a preservative against bacterial infection, following the regular thermal treatment to avoid post-intervention contamination [35]. According to the data of phage stability in different pH environments, phage ZCSE6 was found to be sensitive towards the change in pH, yet it tolerated the extreme basic pH values, up to pH of 12, with a reduction of 3 log10 PFU/mL (p < 0.005) compared to pH 7. However, it cannot tolerate the extreme acidic pH values, such as pH of 2, which is the same acidity of the stomach. This makes the phage inactive when orally administrated, similar to most of the previously reported phages (≥12 and ≤2) [36,37]. To overcome this disadvantage, many approaches are taking place, such as loading the phage in more stable coats, as reported in [37]. On the other hand, other methods might be useful for the delivery of phage, such as; the delivery of phage in a solid formula, such as suppository through anal [38]. More studies are needed to develop more effective and friendly delivery systems and to increase phage stability in harsh body environments.



The burst size is an important criterion that should be estimated to understand the replication dynamics of the isolated phage [39]. It was reported that burst sizes are variable in Siphovirus (between 60 and 147 PFU/mL), whereas latent periods and rise times range from 16 to 55 min and 24 to 65 min, respectively [40,41]. Phages have different activities against bacteria, including (i) bacteriostatic activity that stops the bacterial growth, as in Acinetobacter baumannii after 360 min of incubation with phages [42,43], and P. aeruginosa [44]; and (ii) bacteriolytic activity, represented by the reduction in bacterial OD600 from starting concentration, as in A. baumannii [45] and Aeromonas hydrophila [46]. In this study, phage ZCSE6 presented a bactericidal effect against Salmonella with a significant reduction rate compared to the control. Following the common intuition, the higher dose of ZCSE6 (MOI 0.1) provided a faster lytic effect than the lower phage titer (MOI 0.01 and 0.001).



Salmonella survives in milk at storage temperatures below 10 °C with a slow growth rate [26]. The application of phage as an effective control agent against bacteria in milk was reported in recent studies, including the suppression of P. lactis [47], S. Typhimurium [26], and E. coli O157: H7 [48]. In this study, in the absence of phage, levels of Salmonella increased gradually after 24 h of incubation, and the bacteria treated with phage decreased slowly without secondary bacterial growth. Moreover, the phage titer increased after 3 h of incubation with the bacteria in milk, indicating the ability of the phage to attach and lyse the bacterial cells in a thick, protein and mineral-rich medium. This bacteriolytic ability of the phage in the milk was confirmed by the reduction in the viable bacterial cells after 3 h of incubation. These data support the use of bacteriophage as an alternative antibiotic-free method to control bacterial contamination in milk.



The dynamic process of isolating novel phages with complete characterization from isolation to application enriches our knowledge about the phage world. In addition, it provides information about its evolution and helps to determine the most suitable application according to its characteristics [31,49]. Nowadays, several phages that target Salmonella in foodstuff are found in the market, including PhageGuard S™ that reduces the bacteria in beef meat [50]. Other products found in the market include: SalmoLyse® that can be used as a phage spray in chicken, tuna, turkey, and plants such as cantaloupe and lettuce [51], and SalmoFresh™ that can be used in packaging and reduce Salmonella contamination in chicken breast [52,53]. Here, we discussed the possibility of using a novel phage to reduce Salmonella bacteria in milk. The phage ZCSE6 can be used in the future as a preservative agent against contamination due to its stability in milk at 4 °C (Figure 4C). However, the phage cannot remove the endotoxins that are produced from bacterial lysis in vivo, and the use of phage in the food market was approved by FDA as a decontaminator, sanitizer, and diagnostic agent [54]. The reason behind our recommendations to use phage ZCSE6 to reduce food poisoning is due to its ability to kill the bacteria with high bacteriolytic activity for several days. Based on that, there is a need for several studies to confirm the possibility of different phages to be effectively used in commercial food manufacture. That will include improving the thermal stability of phages for tolerating the high temperatures in food thermal processing applications.




4. Materials and Methods


4.1. Bacterial Characterization and Growth Media


Herein, the study was conducted using the multidrug-resistant (MDR) Salmonella bacterium as the main host CMPZCSB1. The strain is a gift, from Professor Ian Connerton (the University of Nottingham, Nottingham, UK) and was confirmed by using selective enrichment media Rappaport-Vassiliadis soya peptone broth (RVS broth, Oxoid, Hampshire, UK), selective media Xylose Lysine Deoxycholate agar (XLD agar, Bio Lab, Budapest, Hungary), and biochemical assays including citrate, catalase, urease, and indole test. The confirmed stocks were kept in 20% (v/v) glycerol at −80 °C until needed. Salmonella was grown on Tryptic Soy Agar (TSA; Oxoid, UK) or Tryptic Soya broth (TSB; Oxoid, UK) at 37 °C in aerobic conditions to perform different experiments.




4.2. Isolation, Amplification, and Purification of Phage ZCSE6 from Milk


Five milliliters of raw milk collected from different cow farms in Giza, Egypt were mixed with 5 mL of TSB containing Salmonella as a bacterial host strain. After incubation overnight at 37 °C, the sample was centrifuged for 15 min at 6400× g at 4 °C. The double-agar overlay plaque assays were used to quantify the titer and isolate a single plaque by sterile micropipette tip to obtain a single phage [55,56]. This step was performed at least 3 times to make sure that we isolated a single plaque for the amplification purpose. In the amplification process, the phage ZCSE6 was added to Salmonella at OD600 0.2–0.6 with MOI from 0.1 to 1 and left for around 4 h (or until the color of TSB media changes from turbid to clear). The chloroform was added for 30 min before centrifuging the lysates for another 15 min at 6400× g at 4 °C. The supernatant containing phages was then centrifuged at 15,300× g for 1 h at 4 °C. Phage pellets were resuspended in SM buffer (100 mM MgSO4/7H2O; 10 mM NaCl; 50 mM Tris-HCl; pH 7.5) before filtration with 0.22 μm syringe filters (Chrom Tech, Apple Valley, MN, USA). The phage titer was determined using standard double-agar overlay plaque assays [28] and stored in the fridge at 4 °C for further use.




4.3. Host Range, Lytic Profile, and EOP of Phage ZCSE6


The host range of phage ZCSE6 was measured using an in-house panel of 39 Salmonella isolates (Supplementary Data: Table S1), 6 E. coli, 5 K. pneumoniae, and 5 P. aeruginosa strains. Then, the lytic profile and EOP of the phage were determined using a panel of positive host Salmonella strains. Criteria for phage selection involved identifying phages displaying lysis against the bacterial panel, alongside the ability to produce clear plaques on the host bacterium. The phage titer applied to lawns was not less than 109 plaque-forming units (PFU)/mL, and the phage was 10-fold serially diluted and measured in triplicate against 8 random, susceptible, and isolated bacteria using double-agar overlay plaque assays. EOP was then calculated as the average PFU on each bacterium divided by the average PFU on all host bacteria.




4.4. Pulsed-Field Gel Electrophoresis (PFGE)


Phage plugs were prepared, as described previously [57], by suspending 200 μL of phage in 200 μL agarose gel prepared from 1× TE buffer (Tris-HCl, Loba Chemie, Mumbai, India, EDTA, Fisher chemical, Pittsburgh, PA, USA, pH 8) and 1.4% agarose (Lonza, Basel, Switzerland), and left to dry for around 15 min. Then, 5 mL of lysis buffer (proteinase K, Fisher scientific, USA, Tris-HCl, EDTA, pH 8) was added to the plugs and incubated for 18 h at 55 °C for digestion. Following the incubation period, plugs were transferred to 5 mL washing buffer and incubated for 1 h at 37 °C and another two washing steps were performed for 20 min in 1 mL washing buffer. Then, 1% agarose gel was prepared using 0.5× TBE buffer (Tris-HCl, boric acid, Fisher chemical, USA, EDTA, pH 8) and 2700 mL of 0.5 TBE buffer was prepared for the run. The plugs were then inserted into the gel, and the gel was run for 18 h at 6 V, with a switch time of 5 s initial and 13 s final, and the cooling module was set at 14 °C. The size of the genome was determined by comparison to standard concatenated lambda DNA markers (Sigma Aldrich, Gillingham, UK). After incubation, the gel was visualized using Ethidium bromide and imaged using BioRad Chemidoc.




4.5. Morphology Investigation by Transmission Electron Microscopy (TEM)


The morphology of the phage was imaged as described before by using TEM at the National Research Center (Cairo, Egypt) [58]. Ten μL of phage ZCSE6 (109 PFU/mL) were placed on a grid fixed with adding 2.5% glutaraldehyde and stained with 3% phosphotungstic acid. The stained phage was observed using a high resolution-transmission electron microscope (HR-TEM) (JEM-2100, JEOL, Tokyo, Japan) and images were captured at different magnifications.




4.6. The Effect of pH and Temperature on Phage Stability


The impact of different pH and temperatures on the lytic activity of phage was studied. To investigate the pH effect, 100 μL of ZCSE6 (109 PFU/mL) was added to 9.9 mL of sterile water at different pH levels (ranging from 2 to 13) using SM phage buffer (5.8 g of NaCl, 1.2 g of MgSO4, and 50 mL of 1 M Tris-HCl pH 7.5 with 0.1 g of gelatin in 1000 mL of deionized water) and adjusted by using NaOH or HCl and incubated at 4 °C for 24 h. To investigate the temperature effect, 100 μL of ZCSE6 (109 PFU/mL) was added to 900 μL of TSB buffer (pH 7) and incubated at different temperatures (−20 °C, 4 °C, 37 °C, 45 °C, 55 °C, 65 °C, 70 °C, 75 °C, 80 °C, and 90 °C) for 1 h. Finally, a plaque assay technique was conducted to detect the reduction in phage titer and testify to phage stability.




4.7. One-Step Growth Curve of ZCSE6


For this experiment, bacterial culture was prepared with CFU ~ 108 CFU/mL and infected with phage at MOI of 1 (PFU ~ 108 PFU/mL). The multiplicity of infection (MOI) was calculated using the following equation:


  MOI =   PFU ×    The   volume   of   ZCSE  6    (  mL  )      CFU ×  The   volume   of   bacterial   culture     (  mL  )     











After infecting the bacterial culture with the phage at MOI 1, 100 μL aliquots were withdrawn from the falcon tube containing mixture at various time points (0, 10, 20, 30, 45, 60, 90, 120, and 180 min), where they were serially diluted and spotted on the plate containing the bacterial host in lawn (double-layered) top agar to enumerate the phage particles released from the infected bacterial cells over the time while chloroform was added to the other sample at a concentration of 1% (v/v) to release the intracellular phages to determine the eclipse period, then all plates were incubated overnight at 37 °C.




4.8. Time-Killing Curves


To investigate the antibacterial effect of phage ZCSE6 as described in [24], host bacterial cultures at an optical density at 600 nm (OD600) of 0.4, which is equivalent to 108 CFU/mL, were infected with phage at different MOIs (0.1, 0.01, and 0.001) and incubated at 37 °C for 7 h. During the incubation time, the absorbance changes at 600 nm (OD600) were measured using Jenway 7200 visible spectrophotometer (Jenway, Staffordshire, UK) at various time points (0, 15, 40, 60, 75, 90, 120, 165, 195, 225, 360, 390, and 420 min).




4.9. Phage ZCSE6 Activity at Low Temperature


The antimicrobial effect of phage ZCSE6 was also explored at low temperature by mixing the phage (106 PFU/mL) with Salmonella (106 CFU/mL) at MOI of 1 at 8 °C. Following incubation at 8 °C, various samples were withdrawn after 4 and 24 h to quantify the number of bacterial survivors (CFU/mL) using a spotting assay as previously described.




4.10. Determination of the Phage Stability and Lytic Activity in Milk


The activity of phage ZCSE6 in raw milk was investigated by sterilizing the raw milk through exposing it directly to a high temperature (110 °C, 20 min) and UV (253 nm, 15 min), to omit any source of contamination. Sterile test tubes were filled with 5 mL of milk inoculated with Salmonella (5 × 106 CFU/mL). Then, the control and bacteria treated with phage at MOI equal to 2 were incubated at 37 °C with shaking for 3 h. Aliquots of 100 μL were withdrawn and serially diluted to enumerate the bacterial count in CFU after 0, 90, and 180 min. Phage titer (PFU/mL) was determined before and after the incubation.



The bacterial survival at other temperatures, including 25 °C and 4 °C for 4 and 24 h, were tested by adding the phage with titer ~5 × 106 PFU/mL as a final concentration in 5 ml of raw milk. In addition, another experiment was conducted to test the stability of the phage with titer ~5 × 106 PFU/ml as a final concentration in 5 ml of milk at the low temperature of 4 °C without adding any bacteria over 6 days.





5. Conclusions


In conclusion, this study provides information about the isolation and characterization of novel phages from milk. Phage ZCSE6 is found to be a potential antibacterial agent against Salmonella bacteria. The lytic activity of the phage was confirmed under different industrial conditions and bacterial concentrations. Therefore, phage ZCSE6 is strongly recommended as a milk preservative to control Salmonella contamination. Further studies are needed to testify the biocontrol ability of ZCSE6 under wider manufacturing conditions and to test its lysis ability in other Salmonella-infected food products.
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Figure 1. represents phage characterization. (A) The morphology of plaques on a plate containing bacterial overlay; (B.1–B.3) Different images for the same phage illustrating its morphology with scale bar of 100 nm; and (C) The pulsed-field gel electrophoreses (PFGE) for phage ZCSE6, where the orange arrow indicates the position of the genome band on the agarose. The color contrast was enhanced by using Snapseed v2.20.2. (D) Phage stability against temperatures. (E) The sensitivity of phage ZCSE6 against the various pH levels. 
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Figure 2. displays the behavior of phage ZCSE6 lysis against bacterial host. (A) One-step growth curve MOI of 1 and (B) time-killing curve with different MOIs. 
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Figure 3. illustrates (A) the bacterial survival at low-temperature 8 °C in media after 4 and 24 h; (B) Bacterial reduction in milk at 37 °C after 3 h of phage treatment; and (C) the phage propagation in milk containing Salmonella bacteria after 3 h of incubation at 37 °C. 
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Figure 4. Illustrates (A) the bacterial survivors in treated milk stored at 25 °C after 4 and 24 h; (B) bacterial survivors in treated milk stored at 4 °C after 4 and 24 h; and (C) the phage stability in Salmonella milk-free over 6 days of incubation at 4 °C. 






Figure 4. Illustrates (A) the bacterial survivors in treated milk stored at 25 °C after 4 and 24 h; (B) bacterial survivors in treated milk stored at 4 °C after 4 and 24 h; and (C) the phage stability in Salmonella milk-free over 6 days of incubation at 4 °C.



[image: Biologics 01 00010 g004]







[image: Table] 





Table 1. Shows the plaque morphology and EOP of ZCSE6 against various Salmonella isolates.
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	ID
	Salmonella Bacteria
	Serotype
	EOP
	Plaque Morphology





	CMPZCSB1
	Salmonella enterica
	enterica serotype Typhimurium
	≥1
	plaques with a halo



	CMPZCSB2
	Salmonella enterica
	enterica serotype Blegdam
	<0.5
	plaques with a halo



	CMPZCSB3
	Salmonella enterica
	enterica serotype Kentucky
	≥1
	turbid plaque



	CMPZCSB4
	Salmonella enterica
	enterica serotype Blegdam
	<1 ≥0.5
	plaques with a halo



	CMPZCSB5
	Salmonella enterica
	enterica serotype Typhimurium
	≥1
	turbid plaque



	CMPZCSB6
	Salmonella enterica
	enterica serotype Gallinarum
	<1 ≥0.5
	plaques with a halo



	CMPZCSB7
	Salmonella enterica
	enterica serotype Enteritidis
	<0.5
	plaques with a halo



	CMPZCSB8
	Salmonella enterica
	Salmonella enterica spp.
	<1 ≥0.5
	plaques with a halo



	CMPZCSB9
	Salmonella enterica
	enterica serotype Enteritidis
	≥1
	plaques with a halo
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Logyy PFU/mI

-4

H ﬁ
latent Rise time
{ period

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
Time (min)

ODggp

0.8
L

-+ Bactenal growth
- MOI0A
= MOl 0.01
- MOI 0.001

40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420
Time (min)





nav.xhtml


  biologics-01-00010


  
    		
      biologics-01-00010
    


  




  





media/file2.png
,:Kilobases

7

A A A T A A A A AR NN
AR R A A T T TR A A AR R A A AR A AN
T T T T T HTH S
A
AR R R A A A A A A A R AN ANARRAMMMNNMNNNNMNNNNRNRNNNNNN

lw/ndd %607

-2

- o

o

I~ -

v

o

ot T T T ~
© 7-] < d

lw/ndd °6o7

D 104

°c

Temperature





media/file5.jpg





media/file3.jpg





media/file1.jpg





media/file7.jpg
T ows)





media/file0.png





media/file8.png
I,

Time (hours)





media/file6.png
nn

-

LI

-
w = G.ﬂ.

10 §
8

lw/n4dd °+6on

w4 “Eon

lwin4o 6o





