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Abstract

:

In this study, two lytic bacteriophages designated as vB_CjP and vB_CcM were isolated and evaluated for their ability to combat multidrug-resistant bacteria Campylobacter jejuni and Campylobacter coli, respectively. A morphological analysis of these phages by transmission electron microscopy revealed that the vB-CjP bacteriophage had a mean head dimension of 66.6 ± 2.1 nm and a short non-contractile tail and belongs to the Podoviridae family, whereas vB_CcM had a mean head dimension of 80 ± 3.2 nm, a contractile tail, and a length calculated to be 60 ± 2.5 nm and belongs to the Myoviridae family. The results of the host range assay showed that vB_CjP could infect 5 of 10 C. jejuni isolates, whereas vB_CcM could infect 4 of 10 C. coli isolates. Both phages were thermostable and did not lose their infectivity and ability to lyse their host following exposure to 60 °C for 10 min; furthermore, phage particles were relatively stable within a pH range of 6–8. A one-step growth curve indicated that the phages produced estimated burst sizes of 110 and 120 PFU per infected cell with latent periods of 10 and 15 min, for vB-CjP and vB-CcM, respectively. The lytic activity of these phages against planktonic Campylobacter showed that these phages were able to control the growth of Campylobacter in vitro. These results suggest that these phages have a high potential for phage applications and can reduce significantly the counts of Campylobacter spp. The lytic activity of vB-CjP and vB-CcM phages at different (MOIs) against multidrug resistance Campylobacter strains was evaluated. The bacterial growth was slightly delayed by both phages, and the highest efficiency of both phages was observed when MOI = 1 was applied.
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1. Introduction


Campylobacter spp. are versatile microorganisms that are recognized as food-spoilage bacteria [1]. Intestinal tracts of domestic livestock such as poultry, sheep, goat cattle, and pigs are considered the potential reservoir for Campylobacter species [2]. Campylobacter is regarded as a major food contaminant that can cause human diseases through ingestion of food that is contaminated or inadequately cooked [3]. Furthermore, water sources and direct contact with animals and pets are considered other sources for infection of humans with Campylobacter spp. [4]. In recent years, Campylobacter causes severe infections such as enteric diseases due to its ability to resist a broad range of antibiotics and its capacity to acquire a high resistance to the most effective antibiotics [5]. The misuse and overuse of antimicrobial agents in food animals leads to the overwhelming emergence of antibiotic-resistant Campylobacter, which consequently influences on the food safety and causes a considerable health concern of infections with antibiotic-resistant bacteria [6]. Among different Campylobacter spp., the most causative agents of human enteric infections are C. jejuni and C. coli [7]. Moreover, bacteria residing in biofilms are difficult to treat with antibacterial agents and are involved in the failure of the treatment [8]. C. jejuni has been found in preformed biofilms of other bacterial species [9]. Additionally, they can effectively attach to the surface and form a biofilm, and their aggregation increases their resistance to environmental stress and the most commonly used antibiotics [10]. Food can be treated with different bactericidal means such as sodium hypochlorite, which is used at slaughterhouses for decontamination of chicken carcass, and food such as meat can be treated with heat in order to control Campylobacter sp. [11]. Unfortunately, Campylobacter has developed resistance to these treatments, and there has been insufficient evidence to limit their viability [12]. Additionally, the emerging public health threat of bacterial antimicrobial resistance (AMR) has promoted the re-examination of using bacteriophages as an alternative to control multidrug-resistant (MDR) bacteria [13,14]. Bacteriophages are viruses that specifically infect and kill bacteria [15]. Phages have many advantages over the traditional antimicrobials; they selectively kill the pathogenic bacteria without deteriorating the beneficial normal flora, and they are able to destroy bacterial biofilms that play a significant role in the persistence and virulence of pathogenic bacteria [16]. The quest for new phages is urgent in overcoming the increasing mortalities caused by MDR bacteria [17]. The need for an additional tool for ensuring food safety and management of bacterial contamination is urgent [18,19,20,21]. Phages offer promising alternative antimicrobials, and the research on them has been renewed since the emergence of AMR [22]. The effectiveness of Campylobacter phages against Campylobacter in different food sources such as broiler chicken and chicken skin was reported in several studies [22]. Therefore, the aim of this study was to isolate, characterize, and evaluate the lytic activity of bacteriophages specific to multidrug-resistant C. jejuni and C. coli in order to be used in various ready-to-eat foods.




2. Materials and Methods


2.1. Bacterial Strains and Growth Conditions


Different C. jejuni and C. coli strains were originally isolated from different retail poultry meat samples and human stool samples, as follow: chicken samples (n = 400): (feces = 50, cecal part = 100, cloaca swabs = 50, fresh gizzard = 50, fresh liver = 50, frozen gizzard = 50, and frozen liver = 50), duck samples (n = 151): (feces = 30, cecal part = 25, cloacal swabs = 24, fresh gizzard = 18, fresh liver = 17, frozen gizzard = 17, and frozen liver = 20), and human stool samples (n= 100): (children diarrhea = 50 and adult diarrhea = 50). All samples were taken using sterile stick swab. For isolation of Campylobacter, 25 g of each samples was homogenized in 225 mL of the Preston enrichment broth medium; after that, 0.1 mL of the enriched samples was streaked onto the a modified cefoperazone charcoal deoxycholate agar (mCCDA) (Oxoid), and then, the plates were incubated under microaerophilic conditions using a gas jar containing Campylobacter gas pack systems and maintained at 42 °C for 48 h according to [23,24]. After incubation, suspected colonies of Campylobacter were tested using Gram staining, a catalase reaction, the oxidase test, the motility test, hipuurate hydrolysis, blood hemolysis, growth at 25 °C and 42 °C, and resistance to nalidixic acid (30 μg) and cephaolthin (30 μg). Positive isolates were Gram-negative, S-shaped, and motile with darting screw type motility and showed oxidase and catalase positive reactions. Campylobacter isolates were positive for hippurate hydrolysis by showing a deep blue color. The presumptive Campylobacter colonies were preserved in FBP medium broth [25] supplemented with 15% (v/v) glycerol 0.1% (w/v) yeast extract and stored at −20 °C for further analysis.




2.2. PCR Analysis for Detection of Virulence Genes mapA and ceuE in Campylobacter Strains


Presumptive Campylobacter strains were checked for the presence of mapA and ceuE genes by PCR assay. PCR with two sets of primers specifically designed for mapA and ceuE based on the specific sequence of C. jejuni and C. coli were used. PCR amplification was performed as described previously [26,27] using the forward primer 5′- AAT TGA AAA TTG CTC CAA CTA TG-3′ and reverse primer 5′- TGA TTT TAT TAT TTG TAG CAG CG-3′ (Midland Certified Reagent Company, Midland, TX, USA) to amplify the ceuE gene of C. coli (462 bp) and forward primer 5′- CTA TTT TAT TTT TGA GTG CTT GTG-3′ and reverse primer 5′- GCT TTA TTT GCC ATT TGT TTT ATT A-3′ (Midland Certified Reagent Company, USA) to amplify the mapA gene of C. jejuni (589 bp). The primer sequences and expected amplicon sizes are listed in Table 1. Amplification was carried out in a 25 μL reaction containing 12.5 μL of EmeraldAmp Max PCR Master Mix (Takara, Tokyo, Japan), 1 μL of each primer (20 pmol), 7.5 μL of water, and 3 μL of DNA template (100 ng), and an Applied Biosystems 2720 thermal cycler (Biometra, Göttingen, Germany). The thermal cycle conditions consisted of initial denaturation at 94 °C for 5 min followed by secondary denaturation at 94 °C for 30 s, annealing at 58 °C for 45 s and extension at 72 °C for 45 s, and with a final extension at 72 °C for 10 min. Twenty microliters of each PCR product were separated by electrophoresis at 100 V in a 1.5% agarose gel (1× TAE buffer) stained with 0.5 μg/mL ethidium bromide. The fragment sizes were determined using a Gelpilot 1000 bp Ladder (Qiagen GmbH, Hilden, Germany). The results were analyzed using associated software.




2.3. Susceptibility to Antibiotics


Antimicrobial susceptibility of isolated Campylobacter to 15 antibiotics (Oxide Ltd., Hampshire, UK)—ampicillin (10 µg), cephalothin (30 µg), cephradine (30 µg), nalidixic acid (30 µg), ciprofloxacin (5 µg), norfloxacin (10 µg), pefloxacin (5 µg), levofloxacin (5 µg), streptomycin (10 µg), gentamicin (10 µg), tobramycin (10 µg), neomycin (30 µg), tetracycline (30 µg), erythromycin (15 µg), and nitrofurantoin (300 µg)—was performed using the disk diffusion susceptibility method [28]. Briefly, overnight cultures were grown in Preston broth and adjusted to an optical density equal to 0.5 McFarland standards. Then, 0.1 mL of bacterial suspension was spread by sterile swaps on Muller Hinton agar plates (Sigma-Aldrich, Saint Louis, MO, USA). The antibiotic discs were placed on the agar plates using sterile forceps to apply the discs that were 2 cm apart from each other, and then, the plates were incubated for 16–18 h at 37 °C. After incubation, inhibition zones were visible and the diameter of the zone was measured with a ruler [28].




2.4. Isolation of Bacteriophages Specific for C. jejuni and C. Coli


Bacteriophages specific to MDR C. jejuni and C. coli were isolated from four sewage samples collected from Zagazig University Hospital, Sharkia Province, Egypt. Sewage samples were clarified through centrifugation at 6000× g for 20 min to remove debris particles, and the supernatant was filtered with a 0.45 μm-pore size membrane filter (Steradisc, Kurabo Co., Ltd. Osaka, Japan). The filtrate stocks were spotted on twenty Campylobacter isolates as indicator strains using the double agar overlay technique as described by Adams [29]. The positive and negative responses were examined.




2.5. Bacteriophage Purification and Propagation


Propagation and purification of bacteriophages obtained from single-plaque isolates were carried out as previously described [13]. Briefly, a single plaque was picked by using a sterile Pasteur pipette three times successively in order to purify phages. Then, plaques were put into 5.0 mL Preston broth containing Campylobacter and incubated at 37 °C under shaking. After incubation, the mixtures were centrifuged at 10,000× g for 20 min, the supernatants were filtrated through a sterilized 0.22 μm Millipore filter, and the purified phages were stored at 4 °C.




2.6. Morphological Characteristics (Electron Microscopy)


The morphological characters of isolated phages were shown by transmission electron microscopy (TEM) as previously described [30]. Briefly, 4 μL drops of purified phage particles (1011 PFU/mL) in SM buffer were deposited on 200 mesh carbon-coated copper grids with formvar films (Sigma-Aldrich, Saint Louis, MO, USA) and allowed to adsorb for 1 min, followed by staining with 2% phosphotungstic acid for 30 s (Sigma-Aldrich). Then, the samples were examined with a Hitachi H600A electron microscope at the Electron Microscopy Unit in the Faculty of Agriculture, Mansoura University. Pictures of phages were taken using a digital camera and digital micrograph software, and the dimensions of phage particles were measured in order to calculate the average and standard error values.




2.7. Phages Adsorption Experiment and One-Step Growth Curve


Phages lysates (1010 PFU/mL) were added to a bacterial culture of Campylobacter (1.8 × 1010 CFU/mL) at a multiplicity of infection (MOI) = 1.0 and incubated by shaking, and the samples were collected every 1 min during a total period of 20 min and then collected every 5 min for 35 min. The samples were immediately centrifuged at 10,000 rpm for 10 min, diluted, and titrated by the double-layer agar technique. After incubation, the plaques were counted, and the adsorption rate was calculated as previously described [31]. One-step growth curve was obtained as previously described [32], Briefly, the C. jejuni and C. coli strains were grown at OD = 0.2 (~108 CFU/mL) and infected with phages at an MOI of 1, and then, the mixtures were allowed to adsorb for 10 min at room temperature. After that, the mixtures were centrifuged and the obtained pellets were re-suspended in 10 mL of Preston broth medium and incubated at 37 °C. Then, 200 μL of each samples was diluted and immediately plated for phage titration in order to calculate the released phage particles from the infected bacterial cells, while chloroform was added to other sample at a concentration of 1% (v/v) to release the intracellular phages in order to determine the eclipse period.




2.8. Determination of Phage Host Range


The host range of isolated phages was investigated using the spot test technique. We tested the host range of these phages using bacterial lawns of twenty isolated Campylobacter isolates and other clinical pathogenic isolates: Listeria monocytogenes, Pseudomonas aeruginosa, Staphylococcus aureus, Escherichia coli, and Bacillus cereus.




2.9. Effect of Temperature and pH on the Stability of Phages


The stability of isolated phages at different temperatures and pH values was investigated. Each phage suspension was incubated for 10 min at different temperatures: 40 °C, 50 °C, 60 °C, 70 °C, 80 °C, 90 °C, and 100 °C. Phage survival was determined by the plaque assay technique. The sensitivity of phages to different pH values was determined by incubating the phages (vB_CjP and vB-Ccp) in Preston broth adjusted to pH 2–12 using 1 M HCl or 1 M NaOH solutions according to [32]. The mixtures were incubated overnight at 4 °C, and the activity of residual phage was evaluated by the plaque assay technique.




2.10. Bacterial Cell Lysis Assay


To evaluate the bacteriolytic efficacy of two phages (vB_CjP and vB-Ccp), Campylobacter strains were grown in Preston broth at 37 °C for 19 h. Briefly, about 0.1 mL of overnight culture was inoculated into 10 mL of fresh broth to obtain 108 CFU/mL and then phages were used to inoculate the broth at an MOI of <0.1, 0.1 and 1 and incubated under vigorous shaking, and then, the OD600 was measured at 0, 1, 3, 5, 7, 9, 12, and 24 h. All tests were performed in triplicate [33].




2.11. Statistical Analysis


In all data sets, the test and control sets were compared using Student’s t-test. A significance level of 0.05 was applied in all cases. Analytical statistics were undertaken using GraphPad PRISM version 7.00 for Windows (GraphPad Software, La Jolla, CA, USA). All experiments in this study were performed in triplicate.





3. Results


3.1. Prevalence of Campylobacter Species (C. jejuni and C. coli) in Collected Samples


Out of the total of 661 collected samples, 149 (22.5%) were positive for the two Campylobacter spp., 78 (11.8%) were positive for C. jejuni, and 71 (10.7%) were positive for C. coli. Among 400 poultry (chicken) samples tested, 55 (13.75%) and 49 (12.25%) were positive for C. jejuni and C. coli, respectively, and for the duck samples, out of 151 tested samples, 16 (10.59%) were positive for C. jejuni and 15 (9.93%) were positive for C. coli. Among 100 human feces samples, equal percentages (7%) were recorded for both species, whereas Campylobacter spp. was not detected in sewage samples (Table 1).




3.2. PCR Analysis for Detection of Virulence Genes mapA and ceuE


A PCR analysis for the presence of virulence genes mapA and ceuE in C. jejuni and C. coli isolates was conducted. The mapA gene was detected from 87.5% (21/24) of the C. jejuni isolates, and the ceuE gene was detected from 79.1% (19/24) of the C. coli isolates. The PCR products of each gene were identical for each isolate. For C. jejuni, it was 589 bp; for C. coli, it was about 462 bp (Figure 1).




3.3. Antimicrobial Susceptibility of C. jejuni and C. coli Isolates


The antibiotic sensitivity of both C. jejuni and C. coli isolates was tested using the disc diffusion method. C. jejuni and C. coli isolates were resistant to more than two of the tested antibiotics (Table 2). All isolates (100%) were resistant to cephalothin, cephradine, and nalidixic acid. About 45% and 25% of C. jejuni and C. coli were resistant to ciprofloxacin, respectively. Both C. jejuni (100%) and C. coli (89%) showed high levels of resistance against erythromycin. About 91% of C. jejuni isolates were resistance to ampicillin, while 82% of C. coli was resistant to it. C. jejuni and C. coli were resistant to norfloxacin (42% and 34%), pefloxacin (59% and 49%), streptomycin (60% and 39%), gentamicin (55% and 41%), tobramycin (49% and 34%), neomycin (53% and 44%), tetracycline (77% and 56%), and nitrofurantoin (33% and 25%). The highest levels of sensitivity of both C. jejuni (67%) and C. coli (85%) were observed against levofloxacin (Table 2).




3.4. Phage Isolation and Characterization


Bacteriophages specific to C. jejuni and C. coli were isolated from enrichment culture containing C. jejuni and C. coli. Phages were detected by the spot and plaque assay method. Three different single plaques with different lysis pattern based on plaque morphology size and clarity designated vB-CjP for C. jejuni and vB-CcM for C. coli were picked up for further purification and characterization. Electron microscopy of the isolated phages particles revealed that, the vB-CjP bacteriophage had a mean head dimension of 66.6 nm ± 2.1 nm and a short non-contractile tail, and this isolated phage belongs to the Podoviridae family, whereas vB_CcM had a mean head dimension of 80 nm ± 3.2 nm, a contractile tail, and a length calculated to be 60 nm ± 2.5 nm, and this phage belongs to the Myoviridae family (Figure 2).




3.5. Phage Adsorption Rate and One-Step Growth Curve of Campylobacter Phages


The two isolated phages were adsorbed on bacterial cells (MOI = 1), and the phage titer decreased significantly with time until the minimum phage free in liquid medium at which the maximum adsorption times were recorded and used for calculation of adsorption rate constant was reached. The results showed that the maximum phage adsorption of vB-CjP was after 5 min with K = 7.7 × 10−9. The maximum phage adsorption of vB-CcM was after 10 min with k = 6.3 × 10−10 (Figure 3A). One-step growth experiment aimed to find out the following parameters: the latent period, generation time, as well as the burst size. Burst sizes and latent periods were determined for vB-CjP and vB-CcM phages. The phages produced estimated burst sizes of 110 and 120 PFU per infected cell with latent periods of 10 and 15 min for vB-CjP and vB-CcM, respectively (Figure 3B).




3.6. Host Range of Isolated Phages


The lytic ability of isolated phages was examined against the highest multidrug-resistant C. jejuni and C. coli strains and five different bacterial strains (Table 3). Phages displayed a strong lytic activity against C. jejuni and C. coli. The results showed that five strains of C. jejuni (50%) were lysed by the vB-CjP phage, while five strains (40%) of C. coli were lysed by the vB-CcM phage. The other tested bacterial strains were resistant to infection by isolated phages (Table 3).




3.7. Effect of Temperature and pH on Bacteriophage Stability


The stability of the isolated two phages vB-CjP and vB_CcM at different temperatures and pH values was investigated. The results in Figure 4A show that the infectivity of all phages was not or was slightly affected by increases in temperature, especially after exposure to 60 °C. Isolated phages exhibited a survival rate reaching 50–80%, indicating that these phages are considered thermostable and did not lose their infectivity and ability to lyse Campylobacter strains following exposure to 60 °C for 10 min. Furthermore, the phage particles were relatively stable within a pH range of 6–8 (Figure 4B). All phages completely lost infectivity at pH 10 or higher and at pH 5 or lower. Campylobacter phages vB-CjP and vB_CcM displayed greater stability at pH 7.




3.8. Bacterial Cell Lysis Assay


The lytic activity of isolated phages at different (MOIs) against multidrug-resistant Campylobacter strains as host strain was evaluated (Figure 5). There was a significant decrease in the growth of Campylobacter host strains infected with vB-CjP and vB_CcM at different MOIs. The efficacy of phages vB-CjP and vB_CcM against Campylobacter host strains was highest at an MOI of 1, and the OD decreased significantly from 0.4 to less than 0.1 (Figure 5).





4. Discussion


The rapid emergence of antibiotic resistance among Campylobacter spp., the most important zoonotic bacterial pathogen, is considered a major public health threat affecting the poultry industry and humans in Egypt and worldwide [34]. Therefore, improved management and prevention strategies should be introduced to control infections caused by multidrug-resistant Campylobacter spp. Several studies have proposed the use of bacteriophages as an alternative to antibiotics to combat bacterial infections in poultry and, thus, for food safety and public health [35,36,37,38]. Thus, this study aimed to evaluate the antibiotic susceptibility of Campylobacter spp. strains isolated from various sources and then to isolate and characterize bacteriophages with lytic activity against multidrug-resistant Campylobacter spp. In the present study, a total of 661 samples were taken from different sources (poultry, specifically chicken and duck, and human stool) in order to evaluate the presence of most frequently isolated species of Campylobacter. The results showed that 149 out of 661 were confirmed to be Campylobacter spp., and the prevalence of C. jejuni (11.8%) was higher than the presence of C. coli (10.7%). The highest prevalence of Campylobacter sp. was detected among the samples that were taken from chicken, followed by duck samples, and finally human stool samples. Similar results were found in several previous studies that revealed the prevalence of C. jejuni being higher than the prevalence of C. coli with different percentages [39,40], and our results indicated that poultry was the most important source for Campylobacter and that chicken carried the highest number of two Campylobacter spp. in their intestine compared with other sources [41]. The susceptibility of isolated Campylobacter spp. was further tested against 15 antibiotics, and the results showed that they were highly resistance to antibiotics. A high percentage of resistant strains were observed in the cases of cephalothin, cephradine, and nalidixic acid at a level of 100% for C. jejuni and for C. coli. On the other hand, the resistance rate of erythromycin was found to be 100% for C. jejuni and 89% for C. coli. These results were similar to those found by Nowaczek et al. (2019) [38], who have confirmed a high rate of resistance to erythromycin, ranging from 51.6% for C. jejuni to 64.7% for C. coli. Interestingly, the resistance rates of tetracycline were found to be 60% for C. jejuni and 56% for C. coli, which was close to the findings of Wozniak and Wieliczko (2011) [42], who found resistance to tetracycline in over 55% of all Campylobacter strains. In the case of other antibiotics, our results demonstrated a low rate of resistance to Ciprofloxacin ranging from 45% for C. jejuni to 25% for C. coli, which differed somewhat from the results demonstrated by Nowaczek et al. (2019) [38], who confirmed a high rate of resistance to this antibiotic, ranging from 80.6% for C. jejuni to 88.2% for C. coli. The isolated Campylobacter spp. in this study demonstrated high resistance to antibiotics routinely used in poultry production to reduce bacterial infections. The acquisition of several determinants of resistance may result in the emergence and spread of antibiotic resistance among pathogenic bacteria, and the mechanisms of genetic resistance can occur either by mutations or by acquisition of resistance conferring genes via horizontal gene transfer, which is thought to be the most important factor in antimicrobial resistance dissemination in microbial ecosystems [43]. Several studies have addressed the efficacy of bacteriophages as an alternative strategy to antibiotics for poultry and, thus, for food safety and public health. In the current study, two phages infecting multidrug-resistant C. jejuni and C. coli, named vB_CjP and vB_CcM, respectively, were isolated from four different sewage water samples obtained from Sharkia Governorate, Egypt. These phages were further characterized for morphology, phage stability, and burst size and evaluated for their lytic activity against multidrug-resistant Campylobacter strains. The isolated phages vB_CjP and vB_CcM were examined by electron microscopy for their morphological characteristics. Electron microscopy showed that the phages belong to the order Caudovirales (Podoviridae and Myoviridae), which are considered preferable for application treatments [44]. Similar results were found by Carvalho et al. (2010) [45], who isolated and characterized phages belonging to the family Myoviridae of infectious strains of C. coli and C. jejuni in chickens. Moreover, many phages that belong to different families, such as Siphoviridae [38] and Myoviridae [46], have been shown to be involved in the biocontrol of Campylobacter spp. The most common characterization of a phage is determining its lytic activity, which can help determine whether the phage should be further examined and what application of phages with broad lytic spectra are very useful for biocontrol Campylobacter spp. [35]. The host range of the isolated bacteriophages was tested against 20 Campylobacter isolates and other bacteria including L. monocytogenes, P. aeruginosa, S. aureus, E. coli, and B. cereus. Our results indicated that vB_CjP and vB_CcM phages displayed a strong lytic activity against C. jejuni, C. coli, where five strains of C. jejuni (50%) were lysed by the vB-CjP phage while four strains (40%) of C. coli were lysed by the vB-CcM phage. The other tested bacteria were resistant to infection, indicating that these phages have a specific host range only for Campylobacter strains. These results were similar to those found by Nowaczek et al. (2019) [38], who isolated four bacteriophages that showed lytic activity against 12 of the 48 Campylobacter spp. test strains. Our future research will be to expand the host range and the use of many phage mixtures to cover a wider inhibitory spectrum and to avoid the development of bacterial resistance. Different strategies have been undertaken to expand the host range of phages to combat bacterial resistance. One solution would be to engineer bacteriophages to target multiple hosts [47]. The specificity of each phage is a major challenge of bacteriophage-based therapy; therefore, targeting several bacteria in an infection at the same time at the same time would require a cocktail of bacteriophages [48]. Therefore, developing targeted and high-throughput methodologies to rapidly extend the phage host range and to overcome bacterial resistance could pave the way for next-generation phage technology. In addition, the infection dynamics of isolated phages were examined. The isolated phages exhibited different adsorption rates. Adsorption experiments for vB_CjP revealed a linear curve up 5 min, and the percentage of adsorbed phage reached 99.9%, and the adsorption rate for vB_CcM was after 10 min. Furthermore, isolated phages had growth profiles, with the latent time periods calculated to be 10 and 15 min for vB_CjP and vB_CcM, respectively, followed by a rising period that lasted for 35 min for both phages. The burst sizes were found to be 110 and 120 PFU per infected cell for vB_CjP and vB_CcM, respectively. The phages were capable of rapid and productive replication, characteristics that make them suitable for phage biocontrol applications. The determination of bacteriophage stability at various temperatures and pH is considered an important parameter for phage treatment application [49]. Our results demonstrated that phages vB_CcM and vB_CjP were thermostable and did not lose their infectivity or ability to lyse Campylobacter after exposure to 60 °C for 10 min, while their activity was completely lost at 70 and 80 °C, respectively. Similar stabilities of Campylobacter phages were reported by Steffan et al. (2021) [37], who reported that the infectivity of four Campylobacter phages CP1-4, CP1-5, CP74-2c1, and CP132-3c were stable in the range between 20 and 60 °C and that their infectivity was completely lost at 70 and 80 °C after 15 min. Furthermore, the stability of isolated phages was investigated at different pH. The phages (vB_CcM and vB_CjP) completely lost infectivity at pH 11 or higher and at pH 4 or lower, while they remained active after being exposed to pH values ranging from 5 to 10. This result was in agreement with to that of Hammerl et al. (2014) [24], which found that the Campylobacter phages CP14, CP81 and CP68 remained fully active at pH values between pH 5 and pH 9. Campylobacter phage-based biocontrol strategies have received an increasing amount of interest owing to their efficacy, practicability, safety, and specificity [35]. A number of in vitro studies have shown that bacteriophages have the potential to lyse targeted bacterial pathogens [36,37,38]. In the current research, the ability of the vB_CcM and vB_CjP phages to lyse Campylobacter spp. was characterized at different MOIs. There was a significant decrease the in viability of Campylobacter spp. infected with vB_CcM and vB_CjP compared to the untreated control. The strongest reduction in Campylobacter spp. was observed when the bacterial host was treated with an MOI = 1 of both phages. These findings were consistent with those of Loc Carrillo et al. (2005) [36], who demonstrated a significant decrease in the viability of C. jejuni infected with phages CP8 and CP34 at different MOIs (<0.1, 1, and >10). The current results are similar to those of a recent study by Steffan et al. (2021) [37], which reported that Campylobacter phages CP1-4, CP1-5, CP74-2c1, and CP132-3c were shown to be highly effective at reducing Campylobacter growth in vitro at different phage MOIs (0.001, 0.01, 0.1, 1 and 10) and suggested that these phages are promising candidates for the reduction the multidrug-resistant Campylobacter spp. This research showed promising in vitro results for phage stability and the capacity to inhibit Campylobacter spp. growth, suggesting that they could be used as biocontrol agents in treatment applications.




5. Conclusions


In conclusion, this study provides two specific lytic bacteriophages (vB_CjP and vB_CcM), and the lytic bacteriophages were isolated and evaluated for their ability to combat multidrug-resistant C. jejuni and C. coli. The use of Campylobacter bacteriophages in poultry hosts could be a potential strategy for reducing the number of Campylobacter bacteria in the food chain, which has a significant impact on human public health. Our future experiments will therefore determine the ability of phage cocktails to remove mixed C. jejuni and C. coli biofilms that occur with other normal microflora on food contact surfaces. Moreover, a focus of our future research will be to identify both the nucleotide sequence and protein of isolated phages and to ascertain the in vivo efficacy of phage mixtures.
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Figure 1. PCR analysis for the detection of virulence genes mapA and ceuE in Campylobacter strains. (A) Agrose gel electrophoresis of the polymerase chain reaction (PCR) product of the C. jejuni mapA gene (589 bp). (A,B) Agrose gel electrophoresis of the polymerase chain reaction (PCR) product of the C. coli ceuE gene (462 bp). M. Gelpilot 1000 bp Ladder (Qiagen GmbH, Germany). 
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Figure 2. Electron micrograph of Campylobacter phage particles under TEM. The virions were negatively stained. (A) vB_CjP and (B) vB_CcM. Scale represents 200 nm. The bars represent standard error. 
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Figure 3. Phages adsorption and single-step growth curve for Campylobacter bacteriophages vB_CjP and vB_CcM. (A) Phage adsorption and the plaque forming units (PFUs) per infected cell in cultures of C. jejuni and C. coli at different adsorption time. (B) Single-step growth curve for Campylobacter bacteriophages. The plaque forming units (PFUs) per infected cell in cultures of Campylobacter at different time post infection are shown. Samples were taken at intervals every 10 min. Each data point is a mean of three independent experiments, and the results are shown as means ± standard error. 
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Figure 4. Effect of temperature and pH on the stability of Campylobacter phage particle phages. (A) The stability of phages vB_CjP and vB_CcM at different temperatures. (B) The stability of phages vB_CjP and vB_CcM at different pH values. The number of phage was estimated by plaque assay using Campylobacter species (C. jejuni and C. coli). Each data point is a mean of three independent experiments, and the results are shown as means ± standard error. 
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Figure 5. Inhibition of the growth of C. jejuni and C. coli by phages vB-CjP and vB_CcM. Phages vB-CjP and vB_CcM were applied at different MOIs. Growth of C. jejuni and C. coli was detected by measuring the OD; each data point is a mean of three independent experiments, and the results are shown as means ± standard error. 
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Table 1. Prevalence of Campylobacter species (C. jejuni and C. coli) in the collected samples.
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Sample Sources

	

	
No. of Samples

	
Total No.

	
Campylobacter spp. Strains

	
C. jejuni

	
C. coli




	
Total No.

	
%

	
Total No.

	
%

	
Total No.

	
%






	
Chicken

	
Feces

	
50

	
400

	
15

	
30

	
7

	
47

	
8

	
53




	
Cecal part

	
100

	
41

	
41

	
21

	
51

	
20

	
49




	
Cloacal swabs

	
50

	
19

	
38

	
11

	
58

	
8

	
42




	
Fresh gizzard

	
50

	
11

	
22

	
6

	
55

	
5

	
45




	
Fresh liver

	
50

	
8

	
16

	
4

	
50

	
4

	
50




	
Frozen gizzard

	
50

	
6

	
12

	
4

	
67

	
2

	
33




	
Frozen liver

	
50

	
4

	
8

	
2

	
50

	
2

	
50




	
Duck

	
Feces

	
30

	
151

	
6

	
20

	
4

	
67

	
2

	
33




	
Cecal part

	
25

	
6

	
24

	
2

	
33

	
4

	
67




	
Cloacal swabs

	
24

	
7

	
29

	
4

	
57

	
3

	
43




	
fresh gizzard

	
18

	
5

	
28

	
2

	
40

	
3

	
60




	
Fresh liver

	
17

	
3

	
18

	
2

	
67

	
1

	
33




	
Frozen gizzard

	
17

	
2

	
12

	
1

	
50

	
1

	
50




	
Frozen liver

	
20

	
2

	
10

	
1

	
50

	
1

	
50




	
Humans

	
Child diarrhea

	
50

	
100

	
5

	
10

	
2

	
40

	
3

	
60




	
Adult diarrhea

	
50

	
9

	
18

	
5

	
56

	
4

	
44




	
Total

	

	
661

	
149

	
22.5

	
78

	
11.8

	
71

	
10.7
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Table 2. Antimicrobial susceptibility of C. jejuni and C. coli isolates.
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Antimicrobial Class

	
Antibiotic

	
Disk Code

	
Disc Conc. (μg)

	
C. jejuni (n = 78)

	
C. coli (n = 71)




	
Total Resistance

	
Resistance%

	
Total Resistance

	
Resistance%






	
Aminopenicillins (β–Lactam)

	
Ampicillin

	
AM

	
10

	
71

	
91

	
58

	
82




	
Cephalosporin

	
Cephalothin

	
KF

	
30

	
78

	
100

	
71

	
100




	
Cephradine

	
CE

	
30

	
78

	
100

	
71

	
100




	
Quinolones

	
Nalidixic Acid

	
NA

	
30

	
78

	
100

	
71

	
100




	
Fluoroquinolone

	
Levofloxacin

	
LEV

	
5

	
26

	
33

	
15

	
21




	
Fluoroquinolones

	
Ciprofloxacin

	
CIP

	
5

	
35

	
45

	
18

	
25




	
Norfloxacin

	
NOR

	
10

	
33

	
42

	
24

	
34




	
Pefloxacin

	
PEF

	
5

	
46

	
59

	
35

	
49




	
Aminoglycosides

	
Streptomycin

	
S

	
10

	
47

	
60

	
28

	
39




	
Gentamicin

	
CN

	
10

	
43

	
55

	
29

	
41




	
Tobramycin

	
TOB

	
10

	
38

	
49

	
24

	
34




	
Neomycin

	
N

	
30

	
41

	
53

	
31

	
44




	
Tetracyclines

	
Tetracycline

	
TE

	
30

	
60

	
77

	
40

	
56




	
Macrolides

	
Erythromycin

	
E

	
15

	
78

	
100

	
63

	
89




	
Nitrofurantoin

	
Nitrofurantoin

	
F

	
300

	
26

	
33

	
18

	
25
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Table 3. Host range of Campylobacter bacteriophages.
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	Bacterials Strains
	vB-CjP
	vB-CcM





	Cj 1
	+
	−



	Cj 2
	+
	−



	Cj 3
	−
	−



	Cj 4
	+
	−



	Cj 5
	+
	−



	CJ 6
	+
	−



	Cj 7
	+
	−



	Cj 8
	+
	−



	Cj 9
	−
	−



	Cj 10
	−
	−



	Cc 11
	−
	−



	Cc 12
	−
	+



	Cc 13
	−
	−



	Cc 14
	−
	−



	Cc 15
	−
	−



	Cc 16
	−
	−



	Cc 17
	−
	−



	Cc 18
	−
	+



	Cc 19
	−
	+



	Cc 20
	−
	+



	L. monocytogenes 1
	−
	−



	P. aeruginosa 2
	−
	−



	E. coli 3
	−
	−



	Staph. aureus 4
	−
	−



	B. cereus 5
	−
	−







+: the strain is susceptible to phages, and plaques are produced. −: no plaques were observed. 1 L. monocytogenes was kindly obtained from the Animal Health Research Institute, Dokki, Egypt. 2 P. aeruginosa was kindly obtained from the Department of Botany and Microbiology, Faculty of Science, Zagazig University, Egypt (deposited in the gene bank under accession number LC514698). 3 E. coli strains were kindly obtained from the Department of Zoonoses, Faculty of Veterinary Medicine, Zagazig University. 4 S. aureus was kindly obtained from the Department of Botany and Microbiology, Faculty of Science, Zagazig University, Egypt (deposited in the gene bank under accession number KR270348). 5 B. cereus was kindly obtained from the Animal Health Research Institute, Dokki, and Giza, Egypt.
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