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Abstract

:

Background: the aim of this study was to improve the overall microbiological quality of five different sprouts (alfalfa, kale, lentil, sunflower, radish) using newly isolated bacteriophages. Method: in this study we had isolated from sewage 18 bacteriophages targeting bacteria dominant in sprouts. Five selected bacteriophage strains were photographed using a transmission electron microscope (TEM), and we analyzed the rate of attachment, resistance to chloroform, the burst size, and the latency period. Two methods of application of the phage cocktail were investigated: spraying, and an absorption pad. Results: the spraying method was significantly more efficient, and the maximum reduction effect after 48 h of incubation was 1.5 log CFU/g. Using pads soaked with phage lysate reduced the total number of bacteria to only about 0.27–0.79 log CFU/g. Conclusion: the reduction of bacteria levels in sprouts depended on the method of phage application. The blind strategy for searching phage targeting bacteria dominant in sprouts can be useful and economically beneficial as a starting point for further investigation in phage cocktail application for improving the overall microbiological quality of food. The main result of our research is to improve the overall quality of kale and radish sprouts by spraying them with a phage cocktail.
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1. Introduction


Sprouts are considered a healthy, ready-to-eat, minimally processed food and have gained popularity in recent years [1,2]. Sprouts are produced from seeds under warm and moist environments, and it is clear that conditions are ideal for the growth of microorganisms [3,4]. Fresh sprouts have been implicated in a number of outbreaks of illness in countries such as Japan, the USA and EU, caused by pathogens [5,6]. The bacterial pathogens most frequently linked to produce-related outbreaks include the bacteria Salmonella spp., E. coli O157:H7 and non-O157 Shiga-toxin E. coli [2]. Liu et al., (2021) pointed out two of the most important problems faced by the sprout industry [7]. First is the improvement of the rapid germination of seeds, and the second is microbial safety. The shelf life of sprouts is short (two to three days), and knowledge of factors controlling spoilage would enable further expansion of this type of product. Food waste has skyrocketed in recent years, and one third of all food produced is lost or wasted. In the EU, around 88 million tons of food waste are generated annually [8] and 103 million tons of food waste was generated in the USA in 2018 (EPA). Sprouts are known to have a poor shelf life, even at low temperatures (4–8 °C) in storage [9], so they are on the list of food products which can be easily wasted. Bacterial spoilage of sprouts is mainly characterized by soft rot, in which maceration of plant tissue by bacterial enzymes results in collapse of the cell wall structure [10].



Many technologies have been studied for improving the nutritional and microbiological quality of sprouts. In addition to physical and chemical methods of preservation, recently attention has been paid to the use of biological methods. One of these concepts is the use of food processing bacterial viruses—bacteriophages.



Bacteriophages (phages) are highly specific and usually can infect only one species or one type of bacteria, and they do not destroy the natural commensal microbiota in the gastrointestinal tract of humans and animals. Phages do not change the sensory properties of food products and are highly resistant to the stress created during food processing [11,12]. The success of phages for use in food depends on the overcoming of a number of barriers, and one of these is the method of phage application. The number of phages used is of great importance. In general, the higher the concentration of phages the more significant the reductions in target bacteria [13]. Phages are applied in three sectors in the food industry: primary production (mainly used to prevent the formation of biofilms on the surface of equipment), bio-sanitization (mainly used in the production facilities), and bio-preservation (used to extend the shelf life of products by combatting pathogenic bacteria that spoil the food). In the case of minimally processed food, a significant problem is the quality reduction of products due to the growth of the accompanying microflora [12]. A lot of studies have been conducted on phage isolation and the effectiveness of phages against pathogenic bacteria such as Salmonella spp., Shigella, E. coli on food or food processing surfaces [13].



In contrast to this, this study aims to analyze the influence of application methods of newly isolated phages cocktails for improving overall microbiological quality (Figure 1).




2. Material and Methods


2.1. Total Number of Bacteria (TNB) in Sprouts


Commercial packages of alfalfa (Medicago sativa), kale (Brassica oleracea), radish (Raphanus raphanistrum), sunflower (Helianthus annuus) and lentil (Lens culinaris) sprouts were purchased from the supermarkets in Warsaw, Poland, and transported to the laboratory under refrigerated conditions. The net weight of individual products was in the range from 50 g to 150 g. Sprouts packages were opened aseptically by partially removing the thin plastic wrap, and samples of 25 g were weighted and homogenized (Stomacher 400 Circulator; manufacturer: Seward, Worthing, UK) for 1 min at 230 units in 225 mL of buffered peptone water (BPW; BTL, Warsaw, Poland) in stomacher bags. The preparation of samples for microbiological analysis followed the procedure described in ISO 6887-1:2003 [14]. Then, the homogenates were decimally diluted in saline up to 1 × 10−12.



One milliliter of each sample dilution was transferred into the Petri dish and then mixed with 15 mL of plate count agar (PCA; BTL, Warsaw, Poland), in duplicate. The plates were incubated at 4, 20 and 30 ± 1 °C. Bacterial colonies were counted after 48 h (for mesophilic), 96 h (for psychrotrophic) and 144 h (for psychrophilic). The interpretations of the results were carried out in accordance with ISO 4833-1:2013 [15]. The total number of microorganisms was expressed as a decimal logarithm colony forming units per gram (log CFU/g).




2.2. Bacteria Isolation from Sprouts


Mesophilic bacterial strains were obtained by isolating their colonies from PCA agar (during the TNB determination). Single colonies were picked and streaked on nutrient agar (PCA; BTL, Poland), cultured at 30 °C, and repeated many times to ensure a pure bacterial culture. All strains were maintained at −80 °C in Luria Bertani broth (yeast extract 5 g/L, bactotryptone 10 g/L, NaCl 10 g/L, pH 7.2 ± 0.2) supplemented with 20% glycerol.




2.3. The Phages Isolation—A Phage Stock


Samples were taken from a sewage treatment plant in Izabelin “Mokre Łąki”, Poland. After removing coarse impurities, the wastewater samples were centrifuged (10,000 rpm, 10 min, 20 °C) (Eppendorf 5804 R). To obtain a phage stock, the supernatant was filtered using Whatman™ 0.45 µm nylon filters. Finally, phage stock was stored at 4 °C for further investigation.




2.4. The Multiplication of Bacteriophages


The multiplication of selected bacteriophages was performed by mixing 20 mL of phage stock with 20 mL of 2× LB (yeast extract 10 g/L, bactotryptone 20 g/L, NaCl 20 g/L, pH 7.2 ± 0.2) and inoculating with 1 mL of overnight culture isolated from sprout bacterial strains. After 24 h at 28 °C, the mixture was centrifuged (10,000 rpm, 10 min) and filtered (Whatman syringe filters, 0.45 µm aliquot) to obtain an amplified phage lysate [16].




2.5. The Lytic Activity


The lytic activity of the phages against the isolated strains from sprouts was checked by the spot test [16]. In a test tube, LCA (yeast extract 5 g/L, bactotryptone 10 g/L, NaCl 10 g/L, MgSO4 2.5 g/L, CaCl2 2.7 g/L, agar 7 g/L, pH 7.2 ± 0.2) was mixed with 100 μL overnight culture (LB broth) of the isolated bacterial strain and was poured onto plates with a previously solidified layer of LB agar (yeast extract 5 g/L, bactotryptone 10 g/L, NaCl 10 g/L, agar 15 g/L, pH 7.2 ± 0.2). Then, 10 μL of the phage stock was placed on the plate with two agar layers. Plates were incubated at 28 °C for 18 ± 2 h for visualization of plaques. This experiment was independently conducted three times for each phage.




2.6. Phage Titer


The double agar overlay plaque assay method was used for the phage titer determination [16]. The glass tubes containing dissolved LCA were placed in a water bath at 48–52 °C until the temperature equilibrated. Then, 100 μL of 0.025 M CaCl2 and 0.025 M MgSO4 were added to sterile test tubes and incubated with 100 µL of overnight bacterial culture. Then, 100 μL of 10× and 100× diluted phage lysate were transferred to test tubes. After 10 min, the tubes were supplemented with soft LB agar (48–52 °C) to the total volume of 5 mL, mixed, and then poured onto first agar layer and incubated at 30 °C. The results were read after 24 h. A unit was plaque forming unit per mL [PFU/mL]. Then, phage plaques were cut with a scalpel and purified in SM buffer according to the method proposed by Mirzaei and Nilsson [17].




2.7. The Resistance to Chloroform


One milliliter of phage lysate of known phage titer was placed in an Eppendorf tube and 40 μL of chloroform was added. The vortexed mixture was detained for 24 h at 4 °C. Then the phage titers were examined.




2.8. Rate of Attachment of Phage to Cells


The initial procedure for determining the rate of attachment included the determination of growth curves of selected bacterial isolates. For this purpose, one bacterial isolate from one product was selected. The bacterial growth curves were prepared in LB liquid medium, as well as the control curve of the number of cells and corresponding optical density. The OD measurements were made every 30 min at a wavelength of 650 nm using the Rayleigh UV-1800 spectrophotometer. The conical flasks containing 0.95 mL of LB medium were inoculated with 9 mL of bacterial culture (OD650 = 0.2) or 9 mL of sterile LB medium (as control). The flasks were transferred to a water bath (37 °C) and left for 5 min. Then, 1 mL of phage lysate (fixed titer of 1 × 105 PFU/mL) were added. In every minute, 50 μL of sample was taken to a previously ice cooled tube containing 0.95 mL of LB medium and 40 μL of chloroform, intensely stirred, and the phage titer was determined without additional dilutions. The rate of attachment was calculated according to the formula:


  k =   2.3   B · t   · log    P 0   P   








where, k—adsorption coefficient (mL/min), B—concentration of bacterial cells calculated on the basis of the OD650 of the culture in the flask with the sample, t—time needed to obtain 50–80% adsorption of bacteriophages to host cells, P0—number of plaques calculated from the mean titer of the control, P—number of plaques at time t.




2.9. Single-Step Growth Curve


The procedure used to calculate the burst size and examine the latency time is called one-step growth. It is used to analyze phage development processes and it plays an important role in the industrial application of bacteriophages. The burst size informs about the amount of active viral particles produced from one infected cell (from one phage); therefore, it does not have its own unit. The value of the latency time is given in minutes. This time is counted from the moment when most of the phages are adsorbed (80%) until the first virions appear.



Single step growth curves were constructed to determine the phage burst sizes and burst times (latency period), according to Park et al. [18], with modifications. Isolated bacteria strains were grown for 24 h at 37 °C in LB broth supplemented with CaCl2 and MgSO4. Then, two mL of culture was added to 9 mL of fresh LB broth and incubated at 37 °C until an optical density at 650 nm (OD650) of 0.5 (stationary phase) was attained. Next, 100 µL of phage lysate titer 1 × 106 PFU/mL was added and allowed to adsorb for 5 min. To remove excess phage particles, the co-culture was centrifuged (4000× g) at 4 °C. The pellets were suspended in 10 mL of fresh LB and incubated at room temperature with gentle agitation. Subsequently, 50 μL aliquots were collected every 5 min for a total duration of 60 min, immediately serially diluted in saline, and spotted in duplicate on a host agar lawn of bacterial isolates grown for titer determination. Plates were incubated at 37 °C for 18 ± 2 h for visualization of plaques. This experiment was independently conducted three times for each phage. Two formulas have been used to approximate the principle:


  B =    A B     A p     










   t l  =  t p  −  t A   








where: B—burst size, AB—burst average [PFU/mL], Ap—plateau average [PFU/mL], tl—latency period [min], tp—time of appearance of the first progeny viral particles [min], tA—adsorption time of the majority of phages (80%) to the host cells [min].




2.10. Transmission Electron. Microscopy


High titer phage lysates (>109 PFU/mL) were chosen for transmission electron microscopy (TEM) and prepared for imaging, as described previously [19,20]. The procedure of preparing the preparations for the transmission electron microscope began with the initial exposure of the matrix. The matrix was carbon sputtered copper-tungsten grids (Agar Scientific Cat. No. AGS162-6H), which were placed under a laminar chamber and irradiated with UV light. The phage lysate was centrifuged for 30 min at 14,000 rpm (Eppendorf minispin plus). After centrifugation, the supernatant was discarded and the pellet was washed with ammonium acetate (2%). The washing and precipitation procedure was repeated 3 times. The final volume of the phage preparation depended on the phage titer. Next, 2 µL of the purified lysate was placed on the reticules. The lysate mesh was allowed to dry. Then, it was stained with a 2% solution of phosphotungstic acid (time 30 s 2 μL vol). The excess dye was filtered off with a pipette and blotted dry with sterile filter paper. The photos were taken using a transmission electron microscope (Jeol JEM-1220, SIS Morada camera).




2.11. Application of the Phage Cocktail to the Analyzed Products


To prepare the phage cocktail, 10 mL of 18 phage lysates filtered through syringe filters (0.45 µm) were mixed in a sterile Schott bottle. By diluting 2 times with sterile saline, the obtained titer of the phage cocktail was 1.05 × 108 PFU/mL. The cocktail application was carried out using two methods. The first was the use of absorbent pads made of cellulose. The pads were soaked in 20 mL of the phage lysate cocktail. An aliquot of 30 g of selected sprouts were placed on the pad in polystyrene trays and packed in a reduced pressure atmosphere (350 mbar) (MULTIVAC C200). The second method was to spray 30 g of sprouts with the phage cocktail using an atomizer. The amount of cocktail used to spray one sample of sprouts was 5 mL. Sprayed sprouts were placed in polystyrene trays and packed in a reduced (350 mbar) pressure atmosphere. The sprouts were incubated at 20 °C. TPC were made in the following time: 0 h, 6 h, 24 h and 48 h, from the moment of packing. The triple control was determined: the control samples were sprouts products (c), 30 g sprouts sprayed with 5 mL of sterile saline (a), and 30 g sprouts with the 20 mL of sterile saline on an adsorbent pad (b).




2.12. Statistical Analyses


In the analysis of microbiological quality of sprouts and the practical application of the phage cocktail, a two-way analysis of variance with a confidence interval of 0.95 was performed. Statistical tests and calculations were performed using the Statistica 13.1 program.





3. Results


3.1. Microbiological Quality of Sprouts


Radish and sunflower sprouts were characterized by the lowest total number of bacteria in terms of all tested temperatures. The microbial quality of the sprouts is presented in Table 1. Alfalfa sprouts yielded the highest mesophilic (8.14 ± 0.39 log CFU/g) and psychrotrophic plate count (8.18 ± 0.12 log CFU/g). Almost all products were characterized by a lower number of bacteria that provided colonies at 4 °C, and their number ranged from 6.11 ± 0.22 log CFU/g for radish to 7.42 ± 0.13 log CFU/g for lentil sprouts. No significant differences were documented in the mean of psychrophilic, psychrotrophic and mesophilic bacteria numbers of lentil sprouts.



Despite the high counts, it is important to underline that products did not show any visible signs of spoilage. The similar number of mesophilic aerobic microflora and psychrotrophic microflora means that most of the microorganisms were able to grow at storage temperatures. Storage at refrigeration temperatures is generally selected in favor of the growth of psychrotrophic microorganisms, including the pectinolytic pseudomonads [21]. Nevertheless, mesophilic microorganisms may continue to grow at low temperatures, albeit at reduced growth rates [22].




3.2. Bacteriophages Characteristics


Phage isolation and characterization were the first two steps to select phages for targeting bacteria spoiling sprouts. Finally, 18 bacteriophages, which could infect bacteria from different sprouts, have been isolated from wastewater. For further investigation, only five of the bacteriophages were selected. The phage selection criterion was the origin of the host bacterial strains isolated from different types of sprouts. The multi-stage process ended with examining the effectiveness of two methods of application of phage mix (Figure 1. Graphical abstract). The phage cocktail was sprayed with the sprouts, and in the second method an absorption pad was soaked with the phage cocktail.



Table 2 shows morphological characteristic of phages. All five bacteriophages have been identified as belong to order Caudovirales (tailed, dsDNA). The structure of Caudovirales in general includes a capsid, protein adaptor, collar, tail, baseplate and spikes. In this family, three tail morphologies are well distinguished, including short (Podoviridae), long non-contractile (Siphoviridae), and long contractile (Myoviridae) [23,24]. Phages bAs, bKs, bSs belong to Siphoviridae, and bLs, bRs to Myoviridae.



TEM photos of isolated bacteriophages linked with their plaque pictures are provided (Table 2). They differ in size and halo. The central part of the plaque zone is related to the size of the phage and its ability to diffuse in soft agar. The halo zone was very visible for the bAs phage, where the stream has been created due to cell lysis and related diffusion of lysins. Halo zones are characteristic for phages targeting bacteria strains isolated from sunflower (bSs), kale (bKs) and lentil sprouts (bLs). Halo zones were not present around the plaques of bRs phages.



Determination of sensitivity of phages to chloroform is useful for rate of attachment determination and for separating phages from bacteria [25]. In this study, the antiphage effect of chloroform (Table 3) was salient for bAs phage targeting bacteria strains isolated from alfalfa sprouts (2.91 log PFU/mL reduction). Besides this, chloroform showed no differences in the reduction of four bacteriophage (bKs, bLs, bSs and bRs) titers after 24 h of exposure. The cause of reducing phage bAs activity could be damage by a structural protein of a virion.



The rates of attachment of analyzed bacteriophages (Table 3) belonging to Siphoviridae families were very high and the k values were 4.86 × 10−9 and 3.48 × 10−9 for bAs and bSs, respectively. The other bacteriophages have been characterized by the average rate of attachment and the smallest value: 7.53 × 10−10 for the bLs phage was observed. According to De Paepe and Taddei (2006), the coefficient of origin 10−10 indicates bacteriophages deposited belonging to Siphoviridae and Myoviridae families [26]. This confirms the results of identification of isolated phages.



The adsorption time of the bAs phage on the surface of bacterial cells isolated from alfalfa was 4 min, and the latency time was 21 min. The burst size of this phage was 135, and it was the highest value. Nearly 80% of bSs virions adsorbed to bacterial receptors within 4 min, and the increasing number of PFU/mL had been seen after the 30th minute; therefore, the estimated latent period was 26 min. The burst size was 79. Bacteriophage targeting bacteria from lentil sprouts stand out from other phages, as they have the longest time (10 min) of adsorption. The differences between the burst size of phages results in the size of phage particles. Weinbauer and Peduzzi (1994) noticed that by increasing the size of capsid, the number of released virions decreased. In this study, the capsid of phage bAs was rather small (<60 nm). The burst size also depends on physiological conditions and host cell morphology, and generally it is higher for phages targeting bacilli than cocci [27].




3.3. Effect of Phage Cocktail Method of Application


The success of phages for use in food depends on the overcoming of a number of barriers, and one of these is the method of phage application. The number of phages used is of great importance. In general, the higher the concentration of phages the more significant the reductions in target bacteria [13].



A phage cocktail in a traditional lysate form was added by spraying method (A) and soaked up with an adsorbent pad made of cellulose (B). After 6 h of incubation, packed sprouts with the phage cocktail which had been added to the adsorption pad and (B) the total number of bacteria was at the same average level. Surprisingly, the spraying method (A) resulted in an increase of number of bacteria in all products during first six hours (data not shown). This phenomenon can be explained through the fact that moisture and water activity has been grown by cocktail application, and water had better contact with the surface of sprouts compared to the adsorbent pad.



After the first day of incubation with the pad soaked with phage lysate, the reduction of the total number of bacteria was observed in all sprouts, except alfalfa (Table 4). The highest reduction level was characterized by the bacteria from sunflower (0.79 log CFU/g) and lentil sprouts (0.29 log CFU/g). The reduction of bacteria number was average for the rest of the products (radish and kale sprouts). Over the next 24 h, the number of bacteria were reduced by about 0.18 log CFU/g for radish, 0.27 log CFU/g for sunflower, 0.30 log CFU/g for lentil, 0.40 log CFU/g for kale and 0.51 log CFU/g for alfalfa sprouts.



The use of the spraying method allowed us to reduce the number of bacteria in tested products. Almost all sprouts contained lower bacteria cells after 24 h, compared to the control and to the pad method, with the exception of lentil sprouts (0.14 log CFU/g). Along with the time of incubation, the reduction level increased. Therefore, the average reduction level after two days of incubation was 0.39 log CFU/g for lentil sprouts, and there was no significant differences between two methods. Further, a not very vast reduction was observed for alfalfa sprouts. The differences in bacteria numbers in sunflower sprouts with and without sprayed lysate was 0.59 log CFU/g. Satisfactory reduction levels were achieved for kale sprouts (1.1 log CFU/g) and for radish sprouts, with values of 1.5 log CFU/g.





4. Discussion


4.1. Microbiological Quality of Sprouts


Most of the analyzed sprout samples can be classified as products with high microbiological contamination. Surveys performed in different countries revealed that total plate count (TPC), also known as aerobic plate counts (APC), total aerobic counts (TAC), or total count of aerobic mesophilic bacteria (TAMB), may range between 5 and 11 log CFU/g in various sprouts [4,6,28,29,30,31,32,33,34,35]. The total number of microorganisms in specific sprouts described by other authors were 1 × 109 CFU/g to 1 × 1010 CFU /g for alfalfa and radish sprouts [29,30]. The high bacterial contamination of products exceeding 109 CFU/g was also confirmed for lentil and sunflower sprouts [36]. The results described in this paper generally agree with those obtained in previous studies.



In these food products, the number of bacteria is very high because of the intrinsic microflora of seeds and the favorable environment during sprout growth [37]: abundant moisture, suitable temperature and nutrients. The sprouts are very active products by which a large amount of moisture is collected on an internal layer of packaging. Additionally, the pH of sprouts oscillates around 6, which favors the proliferation of many microorganisms [38]. However, elevated levels of microbial contamination in sprouts could also be due to unsanitary sprouting conditions and poor hygienic practices of producers and retailers [28]. The microorganism limit in minimally processed food specified by some UE countries is 5 × 107 CFU/g. This implies that the examined products did not meet the standards. In addition, the packages of all analyzed sprouts in this experiment provided no information about the need for product washing before consumption. Sprouts are consumed in relatively small quantities, as condiments or garnishes, which could tend to reduce the risk of eating an infective dose. Consumers can decrease potential risks by washing sprouts before use.



The number of bacterial mesophilic aerobic microflora present in analyzed sprout products was very similar to that of psychotropic microflora, and therefore most of the microorganisms were able to grow at storage temperatures.



Microbiome analyses contribute to an in-depth understanding of the microbial ecology of sprouts, leading to improvement of food safety and quality. Earlier studies of different authors provided a comparative examination of the microbial profiles of sprouts. The dominant microflora of sprouts produced in Poland was bacteria belong to Enterobacteriaceae and representatives of the genera Pseudomonas, Vibiro and Aeromonas [36]. Proteobacteria was the most abundant phylum (98.5–97.3%) associated with fresh sprouts of alfalfa from Israel at the time of purchase, in alfalfa. Firmicutes represented relative abundance of 1.3% and 2.1% in alfalfa, and was the second most abundant phylum. The other 10 phyla, namely Verrucomicrobia, Cyanobacteria, Bacteroidetes, Actinobacteria, Chlamydiae, Deferribacteres, Marinimicrobia, Acidobacteria, Planctomycetes, and Dependentiae, were represented in relative abundance of less than 0.1%. The most abundant in alfalfa are the Proteobacterial species belonged to the genus Pseudomonas (48.8–29.5%), Janthinobacterium (9%) and Duganella (5%) [4]. Similar findings were reported by Jiang et al. 2021), where Proteobacteria was the dominant phylum in South Korean alfalfa sprouts (79.0%) and radish sprouts (61.9%). Enterobacteriaceae was the dominant family in alfalfa sprouts (33.9%) while Moraxellaceae (11.9%) were prevalent on radish sprouts [39]. The majority of the dominant genera were common in the environment, such as soil or water.



Although no pathogens in commercially available products were observed [4,32,35], raw sprouts have been implicated in many outbreaks of foodborne diseases [40]. A number of studies have reported low incidences of Salmonella and Listeria monocytogenes [6,28,34,41]. While the presence of Salmonella is a food safety criterion, that of E. coli is a hygienic criterion. The presence of the pathogenic E. coli O157:H7 [6,41,42] was determined in different sprouts. In alfalfa and sunflower sprouts, Cronobacter sakazakii isolates sensitive to 7 different antibiotics were identified [43].



Bacterial spoilage of sprouts is characterized by softening as a result of enzymatic activity. The gram-negative E. carotovora and pectinolytic strains of Pseudomonas fluorescens are the most important bacteria causing soft rot of sprouts [10]. Appropriate treatment development can be an effective strategy to promote greater marketability, by extending shelf life and ensuring safety.




4.2. Characteristic of Bacteriophages


Phages can be found in all environments that are colonized by viable bacteria: sewage, soil, water, human and animal secretions and excrements [44,45]. Moreover, bacteriophages can settle in extreme environments because of their resistance to unfavorable physical and chemical factors, such as low and high temperatures, pH, salinity, and ions [46]. In this study, we had isolated 18 phages targeting bacteria dominant in sprouts, which confirmed that sewage can be a source of bacterial viruses.



Phages bAs, bKs, bSs belong to Siphoviridae, and bLs, bRs to Myoviridae. The capsids of these two phage families are a proteinaceous shell which protects the genetic material and are connected to the tail by a protein adaptor playing an important role in DNA packaging and ejection [24,47]. Myoviridae phages contain an additional ring-shaped structure which is formed around the tail tube to form a contractile sheath The tail is a continuous channel (central tube) located between the protein adaptor and the base plate. This structure is implicated in the DNA ejection of the phage toward the host cell cytoplasm [24]. Siphoviridae have the simplest structure and possess tails, and their genome is smaller. Phages from the Myoviridae (e.g., T2) and Siphoviridae (e.g., T1, T5) families may be extremely resistant to a dry environment, and may also survive large temperature fluctuations [48]. The members of the Siphoviridae family are generally the most resistant to adverse conditions [49], as T5 phage proved to be very resistant to long-term storage [50]. Most complex phages are resistant to chloroform, e.g., T4, because in the virion the structure does not contain lipids [51]. Moreover, some bacteriophages, although they do not contain lipids, may be sensitive to chloroform. The trait of resistance facilitates the commercial use of bacteriophages. Phage i3 targeting Mycobacterium is an example that there is a possible reduction in the effectiveness of bacteriophage infection after exposure to chloroform. Determination of the sensitivity of phages to chloroform is useful for rate of attachment determination and for separating phages from bacteria [25]. The isolated bacteriophages have been characterized by the average rate of attachment and the smallest value, 7.53 × 10−10, was for the bLs phage.



Isolated phages differ in size and morphology of plaques. The typical circular plaque morphology is the result of cycles of infection of the host cells by the numerous viruses disseminating in all directions from the original focus of infection. However, the effect of phage morphology on plaque size cannot be tested simply by comparing between phages. Gallet et al. (2011) showed that the adsorption rate negatively impacts plaque size, plaque productivity, and phage concentration in plaques. A smaller plaque size is connected with a larger virion size. On the other hand, the plaque size is at its maximum when the lysis time is intermediate in length [52].



Considering the use of bacteriophages in food technology, virulent phages should be searched for as their development will lead to the rapid damage of bacterial cells [53,54]. Virulent bacteriophages usually exhibit the lytic cycle, which entails an immediate transition of bacteria into phage metabolism. In a lysogenic cycle, the genome of bacteriophages becomes integrated with a bacterial chromosome and enters into the latent state.




4.3. Effect of Phage Cocktail Application Method


Application of the phage cocktail was predominantly effective against bacteria detected in radish sprouts. Since different groups of phages recognize different receptors on host cells, a phage cocktail mix therefore could potentially delay the development of bacterial resistance, or even prevent it. The reduction of bacteria levels in sprouts depended on the method of phage application. The spraying method was significantly more efficient, and the maximum reduction effect was 1.5 log CFU/g. Using pads soaked with phage lysate reduced the total number of bacteria by only about 0.27–0.51 log CFU/g after 48 h of incubation.



Several investigators indicated that alfalfa seeds are generally the most difficult type of seed to sanitize effectively. Indeed, our results confirmed that the phage cocktail was not as efficient as against kale and radish sprouts. Some authors have speculated that, for example, Salmonella may be trapped in cracks and crevices on the seeds [55]. In our opinion, the kale and radish sprouts have been dominated with a larger number of bacteria strain cells that were targets of phages from the cocktail. Active viruses have reduced their number, and because they originally had dominated in the environment, a statistically significant improvement in microbiological quality has been visible.



The concept of using phage cocktails to reduce the total number of bacteria has not been published so far. Therefore, it is difficult to relate our data to the results of other authors. However, commercially available phage cocktails targeting food pathogens show similar reduction effects in meat products. Applied to the surface of chicken breast fillets, SalmoFreshTM reduces the Salmonella number by about 0.6–1.1 log CFU/g [56]. ShigaShieldTM sprayed on smoked salmon reduces the numbers of Shigella sonnei by about 0.16 log CFU/g to 1.09 log CFU/g (according to MOI) [57]. The multiplicity of infection (MOI) is the ratio of the number of infecting virus molecules to the number of bacterial cells. The cocktail of EcoM-HG2, EcoM-HG7, and EcoM-HG8 phages aimed at E. coli in alfalfa sprouts also significantly reduced number of bacteria when it was applied to surface [58]. Our results confirmed that the spraying method, when applied to surfaces, provided different levels of effectiveness in reduction of the total number of bacteria.



On the other hand, using larger spray volumes might physically reduce the number of bacteria on the sprouts. Washing seeds with water alone decreases levels of B. cereus, E. coli or Salmonella by 1 log [59]. A ninety percent reduction of the detected microbial contaminants was achieved by the AEW washing for a brief period of 20 s [60]. However, the total number of bacteria determined after treatment with the phage cocktail was lower than in the control samples “washed” with the same volume of saline (control a). Although dipping and spraying are common methods for phage application, they can have negative effects [37]. Spraying can release phage particles into the environment, and spraying equipment may not be available in the processing environment [13]. Other techniques of sprout preservation have been enhanced. For example, the combination of blanching (60 °C; 7 min) or thermosonication (60 °C; 7 min), cold ascorbate dip (4 °C; 0.5%; 5 min), air drying (30 min), packaging (either in polystyrene tray covered with a cling film or LDPE packets) and irradiation (2.5 kGy) are efficient in sprout preservation [9]. In contrast to these expensive and power consuming techniques, the phage biocontrol seems to be the most environmentally friendly antimicrobial intervention available nowadays.



The efficacy of phage treatment is concentration-dependent, and using more phage is likely to yield a better reduction of the targeted bacteria’s cell numbers [57,61]. Bacteriophages must come into contact with susceptible bacterial cells to lyse them. When high titers are applied, phages are capable of absorbing the bacterial cells, causing lysis to the cytoplasmic membrane without replication [62]; therefore, using high concentrations of phages generally achieved high reduction rates of pathogens [63,64]. However, if phages are to be successfully deployed in food, multiple barriers must be overcome. According to Lewis and Hill (2020), these also include the physico-chemical properties of the food or target method, the time of application, and which phages are chosen. The phage instability in acidic environments is well documented.



Other factors should also be considered, such as the presence of molecules with antiphage activity (e.g., organic acids, tannins). Other substances have been identified as responsible for antiviral activity, including high salt and sucrose concentrations, fatty acids, alcohols, retinoids, and cationic compounds [65].





5. Conclusions


Our data suggest phage preparations with potent lytic activity against dominating bacteria in sprouts may offer an effective approach for reducing the levels of bacteria in various foods that may become contaminated. This blind strategy for searching for phages targeting bacteria can be useful and economically beneficial as a starting point for further investigation in phage cocktail applications on food. This study established that a spraying method can be commonly applied to surfaces to provide different levels of effectiveness in the reduction of the total number of bacteria.



According to the fact that all phage genomes should be well suited for biocontrol applications, each phage genome should be fully sequenced and annotated to determine whether there were any virulent and/or toxic genes present; this is important for safety implications. This problem merits further investigation.



The main result of our research is to improve the overall quality of kale and radish sprouts by spraying them with a phage cocktail.
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Figure 1. General diagram of the steps involved in running the experiment. 
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Table 1. Microbiological quality of sprouts—total number of bacteria (TNB) determined at three different temperatures of incubation.
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Sprouts Type

	
log CFU/g




	
4 °C

	
20 °C

	
30 °C






	
Alfalfa

	
6.92 ± 0.22 a

	
8.18 ± 0.12 b,c

	
8.14 ± 0.39 b,c




	
Kale

	
7.31 ± 0.16 b

	
8.01 ± 0.25 b,c

	
8.06 ± 0.23 b,c




	
Lentil

	
7.42 ± 0.13 b

	
7.69 ± 0.20 b

	
7.67 ± 0.25 b




	
Sunflower

	
6.20 ± 0.15 a

	
7.00 ± 0.01 b

	
6.62 ± 0.03 a




	
Radish

	
6.11 ± 0.22 a

	
6.96 ± 0.30 a,b

	
7.03 ± 0.40 b








Letters a, b, c in superscripts indicate homogenous groups at a significance level of α = 0.05.
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Table 2. Morphology of bacteriophages targeting bacteria strains isolated from different sprouts.
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	Phage Name
	TEM Photography
	Family of Bacteriophages
	Originating of the Target Bacteria
	Morphology of Plaque





	bAs
	 [image: Applmicrobiol 01 00021 i001]
	 [image: Applmicrobiol 01 00021 i002]

Siphoviridae
	Alfalfa Sprouts G(+)
	 [image: Applmicrobiol 01 00021 i003]



	bKs
	 [image: Applmicrobiol 01 00021 i004]
	 [image: Applmicrobiol 01 00021 i005]

Siphoviridae
	Kale Sprouts G(+)
	 [image: Applmicrobiol 01 00021 i006]



	bLs
	 [image: Applmicrobiol 01 00021 i007]
	 [image: Applmicrobiol 01 00021 i008]

Myoviridae
	Lentil Sprouts G(−)
	 [image: Applmicrobiol 01 00021 i009]



	bSs
	 [image: Applmicrobiol 01 00021 i010]
	 [image: Applmicrobiol 01 00021 i011]

Siphoviridae
	Sunflower Sprouts G(+)
	 [image: Applmicrobiol 01 00021 i012]



	bRs
	 [image: Applmicrobiol 01 00021 i013]
	 [image: Applmicrobiol 01 00021 i014]

Myoviridae
	Radish sprouts G(−)
	 [image: Applmicrobiol 01 00021 i015]
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Table 3. The properties of the isolated bacteriophages targeting bacteria strains isolated from different sprouts.
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Phage

	
Resistance to Chloroform

	
Rate of Attachment (k)

	
Adsorption Time

	
Latency Time

	
Burst Size




	
a

	
b

	

	

	

	




	
log PFU/mL

	
log PFU/mL

	
mL/min

	
min

	
min

	






	
bAs

	
9.15 ± 0.10

	
6.24 ± 0.11

	
4.86 × 10−9

	
4

	
21

	
135




	
bKs

	
7.73 ± 0.05

	
7.29 ± 0.01

	
1.61 × 10−9

	
8

	
22

	
27




	
bLs

	
7.49 ± 0.22

	
7.95 ± 0.31

	
7.53 × 10−10

	
10

	
20

	
50




	
bSs

	
9.58 ± 0.10

	
9.45 ± 0.05

	
3.48 × 10−9

	
4

	
26

	
79




	
bRs

	
8.02 ± 0.51

	
8.71 ± 0.31

	
1.25 × 10−9

	
8.5

	
27

	
7
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Table 4. The reduction level of the total number of bacteria after phage cocktail application and incubation.
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Sprouts

	
Time h

	
Control (c)

	
Control (a)

	
Spraying (A)

	
Control (b)

	
Adsorption Pad (B)




	
log cfu/g

	
log cfu/g

	
log cfu/g

	
Reduction Level (c-A)

	
log cfu/g

	
log cfu/g

	
Reduction Level (c-B)






	
Alfalfa

	
0

	
8.35 ± 0.12 a

	
8.35 ± 0.12 a

	
8.35 ± 0.12 a

	

	
8.35 ± 0.12 a

	
8.35 ± 0.12 a

	




	
24

	
9.81 ± 0.48 b

	
n.d.

	
9.56 ± 0.08 b

	
Δ24 = 0.25

	
n.d.

	
9.84 ± 0.09 b

	
Δ24 = 0.03↑




	
48

	
9.89 ± 0.20 b

	
9.83 ± 0.31 b

	
9.60 ± 0.10 b

	
Δ48 = 0.29

	
9.69 ± 0.11 b

	
9.38 ± 0.08 b

	
Δ48 = 0.51




	
Kale

	
0

	
8.35 ± 0.10 a

	
8.35 ± 0.10 a

	
8.35 ± 0.10 a

	

	
8.35 ± 0.10 a

	
8.35 ± 0.10 a

	




	
24

	
9.11 ± 0.39 b

	
n.d.

	
8.82 ± 0.12 a

	
Δ24 = 0.29

	
n.d.

	
8.92 ± 0.11 a,b

	
Δ24 = 0.19




	
48

	
9.37 ± 0.20 b

	
9.52 ± 0.15 b

	
8.27 ± 0.19 a

	
Δ48 = 1.10

	
9.22 ± 0.14 b

	
8.97 ± 0.05 a,b

	
Δ48 = 0.40




	
Lentil

	
0

	
7.83 ± 0.14 a

	
7.83 ± 0.14 a

	
7.83 ± 0.14 a

	

	
7.83 ± 0.12 a

	
7.83 ± 0.14 a

	




	
24

	
8.41 ± 0.03 b

	
n.d.

	
8.27 ± 0.29 a,b

	
Δ24 = 0.14

	
n.d.

	
7.89 ± 0.14 a

	
Δ24 = 0.52




	
48

	
8.92 ± 0.02 b

	
9.21 ± 0.02 c

	
8.53 ± 0.02 b

	
Δ48 = 0.39

	
8.95 ± 0.12 b

	
8.62 ± 0.19 b

	
Δ48 = 0.30




	
Sunflower

	
0

	
7.07 ± 0.12 a

	
7.07 ± 0.12 a

	
7.07 ± 0.12 a

	

	
7.07 ± 0.12 a

	
7.07 ± 0.12

	




	
24

	
8.35 ± 0.21 c

	
n.d.

	
7.68 ± 0.21 b

	
Δ24 = 0.67

	
n.d.

	
7.56 ± 0.20 b

	
Δ24 = 0.79




	
48

	
8.61 ± 0.12 c

	
8.48 ± 0.09 c

	
8.02 ± 0.05 c

	
Δ48 = 0.59

	
8.73 ± 0.12 c

	
8.34 ± 0.10 c

	
Δ48 = 0.27




	
Radish

	
0

	
8.26 ± 0.14 b

	
8.26 ± 0.12 b

	
8.26 ± 0.14 b

	

	
8.26 ± 0.12 b

	
8.26 ± 0.14 b

	




	
24

	
9.05 ± 0.10 c

	
n.d.

	
7.92 ± 0.02 a

	
Δ24 = 1.13

	
n.d.

	
8.97 ± 0.09 b

	
Δ24 = 0.08




	
48

	
8.99 ± 0.02 c

	
8.84 ± 0.12 b,c

	
7.49 ± 0.29 a

	
Δ48 = 1.50

	
8.82 ± 0.06 b,c

	
8.81 ± 0.08 b,c

	
Δ48 = 0.18








n.d. not detected; Letters a, b, c in superscripts indicate homogenous groups at a significance level of α = 0.05.
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