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Abstract

:

Campylobacteriosis is the most commonly reported gastrointestinal disease in humans. Campybacter jejuni is the main cause of the infection, and bacterial colonization in broiler chickens is widespread and difficult to prevent, leading to high risk of occurrence in broiler meat. Phage therapy represents an alternative strategy to control Campylobacter in poultry. The aim of this work was to assess the efficacy of two field-isolated bacteriophages against experimental infections with an anti-microbial resistant (AMR) Campylobacter jejuni strain. A two-step phage application was tested according to a specific combination between chickens’ rearing time and specific multiplicities of infections (MOIs), in order to reduce the Campylobacter load in the animals at slaughtering and to limit the development of phage-resistant mutants. In particular, 75 broilers were divided into three groups (A, B and C), and phages were administered to animals of groups B and C at day 38 (Φ 16-izsam) and 39 (Φ 7-izsam) at MOI 0.1 (group B) and 1 (group C). All broilers were euthanized at day 40, and Campylobacter jejuni was enumerated in cecal contents. Reductions in Campylobacter counts were statistically significant in both group B (1 log10 colony forming units (cfu)/gram (gr)) and group C (2 log10 cfu/gr), compared to the control group. Our findings provide evidence about the ability of phage therapy to reduce the Campylobacter load in poultry before slaughtering, also associated with anti-microbial resistance pattern.






Keywords:


anti-microbial resistance (AMR); broiler chickens; Campylobacter jejuni; phage therapy












1. Introduction


Campylobacter is the most commonly reported gastrointestinal bacterial pathogen in humans in the European Union (EU) since 2005, with 220,682 confirmed cases of Campylobacteriosis in 2019 [1]. Campylobacter spp., in particular Campylobacter jejuni (C. jejuni) and Campylobacter coli (C. coli), are ubiquitous in nature, and their niche seems to be the intestinal mucosa of warm-blooded hosts [2,3], especially those of avian species. In poultry, the natural bacterial colonization is mainly associated with horizontal transmission at the farm level, and to a lesser extent to vertical transmission [4], with a mean prevalence in the EU of 71.2% of broiler batches [5]. While Campylobacter in chickens does not cause any visible symptoms, in humans some strains can lead to severe disease, with clinical signs like fever, headache, abdominal pain and diarrhea, nausea, and vomiting. Most cases of Campylobacteriosis are self-limiting, but there is the potential of post-infection complications such as Guillain-Barre syndrome, irritable bowel syndrome, and septicemia [6]. Animal-to-human transmission is mostly related to the food route: the consumption of undercooked poultry meat and the cross-contamination from other foods during the preparation of poultry meat are significant risk factors [7]. However, human infections are also caused by Campylobacter isolates originating from cattle or other animals [8,9,10], while person-to-person transmission is considered relatively uncommon [11].



Nowadays, the increasing problem of multi-drug resistance to antibiotics largely used in animals and humans, and in particular to treat C. jejuni infections, is considered a serious threat to public health [12]. Both the global burden related to anti-microbial resistance (AMR) [13] and the increasing trends of hospitalizations for many zoonotic bacteria such as Campylobacter spp. [14] have clear public health and economic implications. In this scenario, it is well known that the farm level plays a key role regarding the entrance of Campylobacter into the food chain, thus leading to the risk for consumers to be infected, especially via poultry meat consumption [15]. The EU summary report on AMR in zoonotic and indicator bacteria from humans, animals, and foods underlines the worrying levels of resistance to ciprofloxacin, nalidixic acid, and tetracycline [13]. According to an opinion from the European Food Safety Authority (EFSA) [16], the reduction of Campylobacter counts by more than 2 log10 units in meat could reduce the public health risk for human consumers to contract Campylobacteriosis after the consumption of chicken meals by more than 90%.



For these reasons, studies are necessary to find more alternatives and safe measures to reduce Campylobacter spp. loads in chickens. Intervention strategies such as feed and water additives, vaccines, and biosecurity measures have been deeply investigated [17]. Recently, researchers have returned to bacteriophages as promising and welfare-friendly tools for the biological control of Campylobacter spp. on farms [16]. Among the innovative strategies also suggested by EFSA experts, bacteriophage-based applications in chickens could play an important role in reducing the load of Campylobacter spp. in the birds [16]. Bacteriophages (or phages) are the most abundant biological entities on earth [18,19], and their efficacy to reduce Campylobacter spp. in broiler chicken ceca [20] and on the surface of chicken skin [21] has already been demonstrated. The data of a recent study showed that exposure of the rat gut microbiome to a cocktail of commercial phage preparations active against Salmonella enterica, Staphylococcus aureus, Streptococcus pyogenes, Proteus (P.) mirabilis, P. vulgaris, Pseudomonas aeruginosa, Klebsiella pneumoniae, and Escherichia coli resulted in dysbiosis with increased inflammation and gut permeability [22]. However, Campylobacter bacteriophage applications in poultry demonstrated the ability to reduce C. jejuni counts without affecting the microbiota structure of the animals [23]. The key to a meaningful intervention within flocks is based on a mix of factors that range from the selection of efficient phages and the use of specific multiplicities of infection (MOIs) to methods and timing of phage-based applications in poultry [24].



Moreover, another problem encountered in phage therapy is related to the development of phage-resistant bacterial mutants [25] that could render any phage-based applications unsuccessful. In order to avoid this problem, many authors, instead of using only one phage in their in vivo trials [20,26], suggested the use of phage cocktails [23,27] instead.



The aim of this research was to assess the in vivo efficacy of two field bacteriophages to reduce the load of an experimental AMR Campylobacter jejuni strain in broilers before slaughtering. To achieve meaningful results in terms of Campylobacter spp. reduction, the authors worked especially on two specific aspects: the timing of phage administration in chickens and the MOIs to apply. In particular, in our study a different and innovative approach not used before, based on a sequential application of two different phages (specifically isolated from poultry farms) administrated individually after a 24-h interval, one day before slaughtering, was adopted in order to limit any potential occurrence of phage-resistant Campylobacter strains [25]. Moreover, because of the worldwide growing concern about AMR, a specific Campylobacter strain (252 gM/12A) was used in this study, chosen on the basis of its anti-microbial resistance pattern against some antibiotics frequently used in veterinary and human medicine (ciprofloxacin and nalidixic acid) [28]. The preliminary results reported in this paper are extremely encouraging; in fact, the reduction of Campylobacter loads in broilers of 2 log10 units would reduce the public health risk for the human consumers to get Campylobacteriosis by eating contaminated chicken meals by up to 90% [16]. Moreover, the two field bacteriophages administered to poultry before slaughtering showed activity against a specific AMR Campylobacter strain, and this was another important finding that deserves more in-depth investigations, also with the support of specific field studies to be carried out in the near future.




2. Materials and Methods


2.1. Campylobacter Strains and Bacteriophages


The bacterial strain used for chicken infection in the trial (C. jejuni 252 gM/12A) was isolated from poultry farms and characterized within the Italian Reference Laboratory for Campylobacter. This specific strain was chosen among the others because of its particular sensitivity to bacteriophages and for its AMR pattern against ciprofloxacin and nalidixic acid, antibiotics frequently used in veterinary and human medicine [28]. The strain was sub-cultured from the original frozen cryogenic bead stocks and incubated under micro-aerobic conditions (85% nitrogen, 5% oxygen, and 10% carbon dioxide) at 42 °C for 48 h (h), according to the International Standard Organization (ISO) method 10272–1 (2006). To achieve the concentrations suitable for the trial (105 colony-forming unit (cfu)/milliliter (mL)), bacterial cell suspensions were diluted in 10 mL of phosphate-buffered saline (PBS; Dulbecco’s Formula Modified, ICN Biochemicals, Thame, Oxfordshire, UK).



The bacteriophages used in this study, Φ7-izsam and Φ16-izsam, were previously isolated and morphologically characterized, as reported by Aprea et al. (2018) [29]. In particular, these phages were ascribed to the Caudovirales order, Myoviridae family, Group A, thus belonging to double-stranded DNA viruses [29], and were chosen for their wide host-range spectrum and their particular activity against AMR C. jejuni strains [28]. Before the experiment, the two bacteriophages were subjected to a three-step plaque purification assay, in order to assure their purity. Briefly, for each purification step, the plaques were individually picked up from the agar and eluted into 2 mL of SM buffer (0.05 M TRIS, 0.1 M NaCl, 0.008 M MgSO4, 0.01% (weight in volume) gelatin, pH 7.5) for 8–9 h at room temperature; then the supernatant was filtered with 0.45 micrometer (μm) filters. Subsequently, 1 mL of Campylobacter broth culture (252 gM/12A field strain) was added to 1 mL of the supernatant and left for 15 min at 37 ± 1 °C in aerophilic conditions, to allow phages to adsorb on the bacterial cells. At the end of the incubation period, the culture was added to 4 mL of New Zealand Casamino Yeast Medium (NZCYM) soft agar (NZCYM broth + 7 grams (g)/liter (L) of agar - Life Technologies, Milan, Italy), poured on a plate of NZCYM agar (NZCYM broth + 15 g/L agar - Life Technologies, Milan, Italy), and incubated at 37 ± 1 °C in micro-aerophilic conditions for 48 h. After the incubation, the plate was coated with 5 mL of SM buffer. The soft agar was gently fragmented with a sterile loop and left to elute for 6 h at room temperature under gentle agitation (60 run per minute (rpm)). The supernatant was then filtered with 0.45 μm filters and subjected to titration. This procedure was repeated three times. The two bacteriophages were finally subjected to further replication steps for increasing their titers, individually [17]. To reach the final concentration loads (107 plaque-forming unit (pfu)/mL for MOI 0.1 and 108 pfu/mL for MOI 1) for the in vivo trial, phage suspensions were prepared via dilutions in SM broth, with the addition of 30% w/v of calcium carbonate (CaCO3), to prevent phage inactivation by the acidity of the chickens’ stomachs.




2.2. Broiler Rearing and In Vivo Trial


For the in vivo trial, the Ross 308 broiler chickens were chosen. The number of animals was reduced to the minimum required to ensure statistically positive results: in total, 75 chickens were enrolled in the assay. The animals were housed in an environment with enrichments in order to stimulate motor activity for their welfare. In the shelter room, infrared lamps were used to provide the optimal temperature for the animals (Table 1).



The animals were placed on a soft surface to ensure the manifestation of strictly specific behaviors such as fluttering wings and distortion of the paws. The relative humidity (RU) was adjusted according to the age of the animals. In particular, from day 1 to day 4 of life, RU was maintained at 65/70%, and from day 5 to day 37 of life, at 60%. The animals were exposed to 24 h of light for the 1st week of life, following a natural day/night cycle from the 2nd week of life to the end of the experiment. The animals were reared in a single group from day 1 to day 36, at the feeding conditions described in Table 2. Both environmental temperatures (Table 1) and feed formulations (Table 2) were adapted from the standard rearing conditions.



The experimental phases of the in vivo trial are summarized in Table 3.



In particular, at day 0, soon before the experimental infection, cloacal swabs from birds were assessed in order to check the birds for the absence of natural Campylobacter spp. infections (ISO 10272: 2006 Part 1). For 1-day chicks, C. jejuni 252 gM/12A (0.1 mL of the bacterial suspension 105 cfu/mL) was administered via oral gavage using a sterile 5 mL volume syringe and a detachable 6 cm-long cannula. At day 10, cloacal swabs were taken using swabs (Medical Wire & Equipment: MW171) and the Campylobacter colonization was verified, using standard accredited methods (ISO 10272: 2006 Part 1 and Part 2). At day 30, a statistically significant number of birds (n = 6) were sacrificed, and the Campylobacter count in their gut content was assessed and recorded in order to set up the phage suspensions at MOI 0.1 and 1. At day 37, the animals that survived were randomly subdivided into three experimental groups (A, B, and C) of 23 animals each. The day after (day 38), birds of group A, representing the negative control, were treated with SM broth with the addition of 30% (w/v) CaCO3 (SM-CaCO3). Bacteriophages were administered to chickens in groups B and C via oral gavage in the following conditions: experimental group B chicks were orally treated with ϕ16-izsam at MOI 0.1 (phage suspension of 107 pfu/mL); and experimental group C chicks were treated with Φ16-izsam at MOI 1 (phage suspension of 108 pfu/mL). The next day (day 39), the other phage, Φ7-izsam, was administered at MOI 0.1 to animals of group B and at MOI 1 to animals of group C. The animals of group A received SM-CaCO3 only. At day 40, all the birds from the three groups were sacrificed and C. jejuni loads were assessed from cecal contents (ISO 10272: 2006 Part 1 and Part 2). In particular, 40 days of life is the age at which animals are industrially slaughtered to reach a commercial weight of about 2.8 kg. The results among the experimental groups were statistically analyzed to verify significant differences within the infection levels. In particular, the non-parametric Mann–Whitney test was applied for independent samples. For statistical analysis, the XlStat ver. 2013.2.04—Addinsoft software was used.





3. Results and Discussion


The physical response of chickens administered with the C. jejuni field strain and/or bacteriophages was indistinguishable from that of the control birds in terms of no apparent loss of appetite, no reduction in weight gain, no alteration in locomotion, and no diarrhea or respiratory distress. Post-mortem examination of major organs (i.e. hearts, livers, and kidneys) did not show any macroscopically appreciable pathological abnormalities in all treated birds. At this stage, the authors did not assess any potential dysbiosis side effects nor the presence of markers for inflammation in the phage-treated animals. Due to the experimental design and the results of the post-mortem analysis, and as supported by the results of previous works [23], it is likely that no adverse effects were potentially present in this study. However, more in-depth analyses will be carried out in future scale-up trials in relation to these specific features. Data on whole-genome sequences from Φ7-izsam and Φ16-izsam could not be reported at the present because this material is still undergoing a patent registration process. However, these two phages satisfied all the preliminary criteria for safety evaluation; i.e. absence of genes coding for AMR, integrases, or toxic factors. The overall results from the in vivo trial are reported in Table 3. In particular, at day 0, no Campylobacter was found in the swab samples. At day 10, C. jejuni had an average infection load of 108 cfu/mL, demonstrating an effective bacterial colonization in the animals under assessment. At day 30, a partial slaughtering of chickens was necessary for the evaluation of the average C. jejuni infection load for the preparation of the experimental phage suspensions to be administered to experimental groups (MOI 0.1 and 1). At this time, the C. jejuni colony numbers recovered from the cecal contents were 108 cfu/gr. At day 40, the C. jejuni count showed a significant difference between bacteriophage-treated birds (B and C) and control birds (A) throughout the experimental period investigated. In particular, in the lower intestine of birds from control group A, the C. jejuni load was 108 cfu/gr, while both treated groups showed the following infection levels: 107 cfu/gr for group B treated with phages at MOI 0.1; and 106 cfu/gr for group C treated with phages at MOI 1. These results showed a total reduction in Campylobacter numbers of 1 log10 for group B and of 2 log10 for group C (Table 3). The non-parametric Mann–Whitney test applied for independent samples revealed that the differences among the C. jejuni infection loads from the three experimental groups were statistically significant (p < 0.0001).



The bacteriophages assessed in this study were previously isolated by applying a novel protocol based on the use of a broader spectrum of bacteria—a mix of Campylobacter strains with somatic and flagella antigenic differences—in order to amplify the chance to detect, in the poultry environment, a more diversified group of lytic phages against C. jejuni [29]. Bacteriophages (Φ7-izsam and Φ16-izsam) were chosen for the in vivo trial because of their wide host-range spectrum and for particular virulence activity against AMR C. jejuni strains [28]. In particular, these phages showed in vitro lytic activities against C. jejuni strains resistant to cyprofloxacin, nalidixic acid, and tetracycline. It is worth noting that the authors previously reported a very interesting and important finding: the loss of resistance to antibiotics in C. jejuni strains, verified with the change of the antimicrobial resistance spectrum assessed by antibiotic-susceptibility tests [28]. This feature has been rarely exploited by scientists, and the first evidence was reported by EFSA experts in 2016 [30]; in particular, Listeria monocytogenes strains originally resistant to ciprofloxacin and erythromycin were shown to revert to being antibiotic-sensitive after infection with ΦP100.



The authors believe that the timing of phage administration in poultry is also a determinant factor for success in phage applications, because of the high risk of development of phage-resistant bacterial mutants. In this regard, Wagenaar et al. (2005) [26] demonstrated that after the initial 3 log10 reduction of C. jejuni counts after phage applications, the Campylobacter load increased again within five days and plateaued at 1 log10 lower than the controls. To avoid this problem and to reduce the time for resistant strains to emerge, Carvalho et al. (2010) [27] proposed a cocktail of phages rather than just one phage, and achieved an approximately 2 log10 reduction. Loc Carrillo et al. (2005) [25] demonstrated that increasing the time between treatment and slaughter from 24 h to 2–4 days may reduce the effective decrease of Campylobacter spp. counts in the cecal contents of phage-treated broiler chickens. In particular, they demonstrated values of Campylobacter reduction levels from 0.5 log10 to 5 log10 after phage applications in in vivo trials. Kittler et al. (2013) [31] instead reported very variable results, according to the type of phage used (from no evident C. jejuni reduction to 3.2 log10 cfu/gr lower bacterial counts than in the control). In the present study, to minimize the potential development of Campylobacter mutants resistant to phages, the authors administered, for the first time in science, two different bacteriophages, Φ16-izsam and Φ7-izsam, 24 h apart from each other, with the second applied 24 h before slaughtering. Chickens were treated with two different phage MOIs (0.1 and 1), chosen on the bases of the results of previous in vitro efficacy tests [32]. In particular, in our preliminary in vitro results, we already experienced the possible success of this sequential administration of two different phages; in fact, Campylobacter’s growth trend not only was maintained at lower levels after the second phage application when compared to the negative (non phage-treated) control, but also in the Campylobacter cultures treated with only one phage (Φ16-izsam).



The experimental trial within this research demonstrated that both the MOIs used produced an efficient reduction in C. jejuni counts in the chicken guts one day after administration of the second phage suspension. These results suggest the possibility that bacteriophages may be administered shortly before slaughter (phage administrations completed 24 h before slaughtering), subsequently minimizing the risk to disseminate potential phage-resistant Campylobacter strains in the farm environment. In the present study, the authors did not assess the development of phage-resistant mutants but this issue will be analyzed more in-depth in future scale up trials. Our results are in line with those reported by the authors previously cited. In particular, we achieved a total reduction in C. jejuni numbers of 1 log10 for those birds treated with MOI 0.1, and 2 log10 for those treated with MOI 1. Nevertheless, opinions diverge regarding which MOI could be the best to apply to obtain the most efficacious results. Tomat et al. (2013) [33] suggested that the application of higher numbers of phages and higher MOI values (>1) will result in a greater reduction of the numbers of the pathogen (passive-mode applications [34]). In the authors’ laboratory experience, the use of low MOIs (≤1) has always been more successful when compared to the use of higher MOIs (>1), both in vitro [32] and in vivo (present study). This evidence supports the “active mode of phage-therapy” as stated by Cairns et al. (2009) [34]: “The phage concentration will not exhibit net growth unless the host concentration is above the appropriate proliferation threshold, and when this occurs phage proliferation becomes relatively rapid until the phage concentration reaches the inundation threshold and begins to suppress the host population”.



The results achieved in this study are very encouraging; in fact, according to the EFSA opinion adopted in 2011 [16], the reduction of Campylobacter contamination loads in broiler meat of 1–2 log units would reduce the public health risk for human consumers to contract Campylobacteriosis associated with consumption of chicken meals by up to 90%.



In commerce, no phage-based applications against Campylobacter spp. are available at the moment. Nevertheless, since the veterinary use of antibiotics is very controversial because of AMR, phage therapy may become more generally accepted. Our results clearly show that phage therapy is able to control infections in broilers also caused by AMR C. jejuni strains. Moreover, as expected [23], the phage administration in chickens showed no detectable adverse effects; e.g. abnormal physical response, loss of appetite, reduction in weight gain, alteration in locomotion, or diarrhea or respiratory distress.



More research and scale-up trials are needed to improve the efficiency of phage therapy, to explore the robustness of this experimental approach when applied to modern chicken-management systems, and to assess the phage efficacy versus different Campylobacter field populations in natural breeding conditions. Phages are generally given to animals in feed or water [27] as simple purified viral suspensions or after microencapsulation [35]. In particular, the most effective and suitable method for Φ7-izsam and Φ16-izsam administration in poultry on an industrial scale needs to be explored in more details in the near future. Very recently, some authors have speculated about the cost benefits related to the use of phages in therapy [36]. Though the opinions are very different, in general, high-scale phage productions are of relatively low cost when compared to the production of new classes of antibiotics. Moreover, the efficacy of phage-based formulations has been extensively demonstrated, including few side effects when compared to the large burden related to AMR when over-using some classes of chemicals [13]. This may also illuminate aspects such as the evaluation of the carriage and shedding of Campylobacter spp. from infected birds, together with comparisons about the release of C. jejuni in the slaughter process, both from phage-treated animals and from naturally infected and non-treated birds.




4. Conclusions


Campylobacter colonization in poultry poses a serious threat to human health when entering the food chain after slaughtering. The field bacteriophages tested in this research in an in vivo assay were able to assure efficacy by reducing the total load of bacterial contamination by up to 2 log10 in experimentally infected birds. In particular, the results were obtained against a specific AMR Campylobacter jejuni strain. An innovative two-step phage administration, 24 h before slaughtering, was applied with the use of low phage MOIs (0.1 and 1).



The effective treatment achieved in this research demonstrated that the alternative phage-therapy approach proposed in this in vivo trial to contrast Campylobacter in poultry should be deeper investigated in scaled-up field trials, and deserves serious attention for a potential application in the future.







Author Contributions


Conceptualization, D.D., S.S. and G.A.; methodology, A.B., P.C. and I.C.; validation, P.C. and I.C.; formal analysis, D.D. and G.A.; investigation, D.N. and G.D.S.; resources, F.P., E.D.G. and G.M.; data curation, D.D.; writing—original draft preparation, D.D., S.S. and G.A.; writing—review and editing, G.A.; supervision, G.A.; project administration, G.A.; funding acquisition, F.P. and G.M. All authors have read and agreed to the published version of the manuscript.




Funding


This project was funded by the Italian Ministry of Health in the framework of the national research program (MSRCTE0712) and carried out by the Istituto Zooprofilattico Sperimentale dell’Abruzzo e del Molise “G. Caporale”, which is the National Reference Laboratory for Campylobacter.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Review Board of the Italian Ministry of Health (protocol code n. 427 of 27 April 2016).




Informed Consent Statement


Not applicable.




Data Availability Statement


All the data presented in this study are available within the article.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



European Food Safety Authority; European Centre for Disease Prevention and Control. The European Union One Health 2019 Zoonoses Report. EFSA J. 2021, 19, e06406. [Google Scholar]

	



Marotta, F.; Garofolo, G.; Di Donato, G.; Aprea, G.; Platone, I.; Cianciavicchia, S.; Alessiani, A.; Di Giannatale, E. Population Diversity ofCampylobacter jejuni in Poultry and Its Dynamic of Contamination in Chicken Meat. BioMed Res. Int. 2015, 2015, 859845. [Google Scholar] [CrossRef] [PubMed]

	



Kreling, V.; Falcone, F.H.; Kehrenberg, C.; Hensel, A. Campylobacter sp.: Pathogenicity factors and prevention methods—new molecular targets for innovative antivirulence drugs? Appl. Microbiol. Biotechnol. 2020, 104, 10409–10436. [Google Scholar] [CrossRef] [PubMed]

	



Soro, A.B.; Whyte, P.; Bolton, D.J.; Tiwari, B.K. Strategies and novel technologies to control Campylobacter in the poultry chain: A review. Compr. Rev. Food Sci. Food Saf. 2020, 19, 1353–1377. [Google Scholar] [CrossRef]

	



European Food Safety Authority. Analysis of the baseline survey on the prevalence of Campylobacter in broiler batches and of Campylobacter and Salmonella on broiler carcasses, in the EU, 2008-Part B: Analysis of factors associated with Campylobacter colonisation of broiler batches and with Campylobacter contamination of broiler carcasses; and investigation of the culture method diagnostic characteristics used to analyse broiler carcass samples. EFSA J. 2010, 8, 1522. [Google Scholar]

	



Marotta, F.; Janowicz, A.; Di Marcantonio, L.; Ercole, C.; Di Donato, G.; Garofolo, G.; Di Giannatale, E. Molecular Characterization and Antimicrobial Susceptibility of C. jejuni Isolates from Italian Wild Bird Populations. Pathogens 2020, 9, 304. [Google Scholar] [CrossRef] [PubMed]

	



De Boer, P.; Duim, B.; Rigter, A.; van der Plas, J.; Jacobs-Reitsma, W.F.; Wagenaar, J.A. Computer-Assisted Analysis and Epidemiological Value of Genotyping Methods for Campylobacter jejuni andCampylobacter coli. J. Clin. Microbiol. 2000, 38, 1940–1946. [Google Scholar] [CrossRef]

	



Boysen, L.; Rosenquist, H.; Larsson, J.T.; Nielsen, E.M.; Sørensen, G.; Nordentoft, S.; Hald, T. Source attribution of human campylobacteriosis in Denmark. Epidemiol. Infect. 2014, 142, 1599–1608. [Google Scholar] [CrossRef]

	



Kittl, S.; Heckel, G.; Korczak, B.M.; Kuhnert, P. Source Attribution of Human Campylobacter Isolates by MLST and Fla-Typing and Association of Genotypes with Quinolone Resistance. PLoS ONE 2013, 8, e81796. [Google Scholar] [CrossRef]

	



Ravel, A.; Hurst, M.; Petrica, N.; David, J.; Mutschall, S.K.; Pintar, K.; Taboada, E.N.; Pollari, F. Source attribution of human campylobacteriosis at the point of exposure by combining comparative exposure assessment and subtype comparison based on comparative genomic fingerprinting. PLoS ONE 2017, 12, e0183790. [Google Scholar] [CrossRef] [PubMed]

	



Rotariu, O.; Smith-Palmer, A.; Cowden, J.; Bessell, P.R.; Innocent, G.T.; Reid, S.W.J.; Matthews, L.; Dallas, J.; Ogden, I.D.; Forbes, K.J.; et al. Putative household outbreaks of campylobacteriosis typically comprise single MLST genotypes. Epidemiol. Infect. 2010, 138, 1744–1747. [Google Scholar] [CrossRef]

	



Noormohamed, A.; Fakhr, M.K. Prevalence and Antimicrobial Susceptibility of Campylobacter spp. in Oklahoma Conventional and Organic Retail Poultry. Open Microbiol. J. 2014, 8, 130–137. [Google Scholar] [CrossRef]

	



European Food Safety Authority. The European Union Summary Report on Antimicrobial Resistance in zoonotic and indicator bacteria from humans, animals and food in 2017/2018. EFSA J. 2020, 18, e06007. [Google Scholar]

	



European Food Safety Authority; European Centre for Disease Prevention and Control. The European Union one health 2018 zoonoses report. EFSA J. 2019, 17, e05926. [Google Scholar]

	



Lu, T.; Marmion, M.; Ferone, M.; Wall, P.; Scannell, A.G. On farm interventions to minimise Campylobacter spp. contamination in chicken. Br. Poult. Sci. 2021, 62, 53–67. [Google Scholar] [CrossRef]

	



European Food Safety Authority. Scientific Opinion on Campylobacter in broiler meat production: Control options and performance objectives and/or targets at different stages of the food chain. EFSA J. 2011, 9, 2105. [Google Scholar] [CrossRef]

	



Carrillo, C.M.L.; Connerton, P.; Pearson, T.; Connerton, I.F. Free-range layer chickens as a source of Campylobacter bacteriophage. Antonie Leeuwenhoek 2007, 92, 275–284. [Google Scholar] [CrossRef]

	



Batinovic, S.; Wassef, F.; Knowler, S.A.; Rice, D.T.; Stanton, C.R.; Rose, J.; Tucci, J.; Nittami, T.; Vinh, A.; Drummond, G.R.; et al. Bacteriophages in Natural and Artificial Environments. Pathogens 2019, 8, 100. [Google Scholar] [CrossRef] [PubMed]

	



Chinivasagam, H.N.; Estella, W.; Maddock, L.; Mayer, D.G.; Weyand, C.; Connerton, P.L.; Connerton, I. Bacteriophages to Control Campylobacter in Commercially Farmed Broiler Chickens, in Australia. Front. Microbiol. 2020, 11, 632. [Google Scholar] [CrossRef] [PubMed]

	



El-Shibiny, A.; Scott, A.; Timms, A.; Metawea, Y.; Connerton, P.; Connerton, I. Application of a Group II Campylobacter Bacteriophage To Reduce Strains of Campylobacter jejuni and Campylobacter coli Colonizing Broiler Chickens. J. Food Prot. 2009, 72, 733–740. [Google Scholar] [CrossRef]

	



Atterbury, R.; Connerton, P.; Dodd, C.; Rees, C.; Connerton, I. Application of Host-Specific Bacteriophages to the Surface of Chicken Skin Leads to a Reduction in Recovery of Campylobacter jejuni. Appl. Environ. Microbiol. 2003, 69, 6302–6306. [Google Scholar] [CrossRef]

	



Tetz, G.V.; Ruggles, K.; Zhou, H.; Heguy, A.; Tsirigos, A.; Tetz, V. Bacteriophages as potential new mammalian pathogens. Sci. Rep. 2017, 7, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Richards, P.J.; Connerton, P.L.; Connerton, I. Phage Biocontrol of Campylobacter jejuni in Chickens Does Not Produce Collateral Effects on the Gut Microbiota. Front. Microbiol. 2019, 10, 476. [Google Scholar] [CrossRef]

	



Aprea, G.; Zocchi, L.; Di Fabio, M.; De Santis, S.; Prencipe, V.A.; Migliorati, G. The applications of bacteriophages and their lysins as biocontrol agents against the foodborne pathogens Listeria monocytogenes and Campylobacter: An updated look. Veter. Ital. 2018, 54, 293–303. [Google Scholar]

	



Carrillo, C.L.; Atterbury, R.; El-Shibiny, A.; Connerton, P.; Dillon, E.; Scott, A.; Connerton, I. Bacteriophage Therapy To Reduce Campylobacter jejuni Colonization of Broiler Chickens. Appl. Environ. Microbiol. 2005, 71, 6554–6563. [Google Scholar] [CrossRef] [PubMed]

	



Wagenaar, J.A.; Van Bergen, M.A.; Mueller, M.A.; Wassenaar, T.M.; Carlton, R.M. Phage therapy reduces Campylobacter jejuni colonization in broilers. Veter. Microbiol. 2005, 109, 275–283. [Google Scholar] [CrossRef]

	



Carvalho, C.M.; Gannon, B.W.; Halfhide, D.E.; Santos, S.B.; Hayes, C.M.; Roe, J.M.; Azeredo, J. The in vivo efficacy of two administration routes of a phage cocktail to reduce numbers of Campylobacter coli and Campylobacter jejuni in chickens. BMC Microbiol. 2010, 10, 232. [Google Scholar] [CrossRef] [PubMed]

	



Aprea, G.; D’Angelantonio, D.; Boni, A.; Scattolini, S.; Di Serafino, G.; Neri, D.; Sacchini, L.; Acciari, V.A.; Torresi, M.; Centorame, P.; et al. Activity of Bacteriophages to Control Listeria Monocytogenes and Campylobacter Jejuni Antibiotic Resistant Strains. 2018. Available online: www.remedypublications.com/open-access/pactivity-of-bacteriophages-to-controlem-listeria-monocytogenes-and-campylobacter-jejuniem-antibiotic-resistant-strainsp-2228.pdf (accessed on 16 July 2021).

	



Aprea, G.; D’Angelantonio, D.; Boni, A.; Connerton, P.; Connerton, I.; Scattolini, S.; Marotta, F.; Pomilio; Francesco; Migliorati, G.; et al. Isolation and Morphological Characterization of New Bacteriophages Active against Campylobacter Jejuni. 2018. Available online: http://www.remedypublications.com/open-access/pisolation-and-morphological-characterization-of-new-bacteriophages-active-against-campylobacter-jejunip-2046.pdf (accessed on 16 July 2021).

	



European Food Safety Authority. Scientific Opinion on the evaluation of the safety and efficacy of Listex™ P100 for the removal of Listeria monocytogenes surface contamination of raw fish. EFSA J. 2012, 10, 2615. [Google Scholar]

	



Kittler, S.; Fischer, S.; Abdulmawjood, A.; Glünder, G.; Klein, G. Effect of Bacteriophage Application on Campylobacter jejuni Loads in Commercial Broiler Flocks. Appl. Environ. Microbiol. 2013, 79, 7525–7533. [Google Scholar] [CrossRef] [PubMed]

	



D’Angelantonio, D.; Aprea, G.; Boni, A.; Serafino, G.d.; Marotta, F.; Connerton, P.; Connerton, I.; di Giannatale, E.; Pomilio, F.; Migliorati, G. Evaluation of new active lytic bacteriophages against Campylobacter, through in vitro efficacy tests. In Proceedings of the XVII Congresso Nazionale S.I.Di.L.V. Hotel Parchi Del Garda, Pacengo di Lazise, Verona, Italy, 30 September 2016; SIDILV c/o MV Congressi Spa, Via Marchesi 26 D, 43126, Parma, Italy. pp. 274–275. [Google Scholar]

	



Tomat, D.D.; Migliore, L.; Aquili, V.; Quiberoni, A.d.L.; Balagué, C. Phage biocontrol of enteropathogenic and shiga toxin-producing Escherichia coli in meat products. Front. Cell. Infect. Microbiol. 2013, 3, 20. [Google Scholar] [CrossRef]

	



Cairns, B.; Timms, A.; Jansen, V.A.; Connerton, I.; Payne, R.J.H. Quantitative Models of In Vitro Bacteriophage–Host Dynamics and Their Application to Phage Therapy. PLOS Pathog. 2009, 5, e1000253. [Google Scholar] [CrossRef] [PubMed]

	



Richards, K.; Malik, D.J. Microencapsulation of Bacteriophages Using Membrane Emulsification in Different pH-Triggered Controlled Release Formulations for Oral Administration. Pharmaceuticals 2021, 14, 424. [Google Scholar] [CrossRef] [PubMed]

	



Rhys-Davies, L.; Ogden, J. Vets’ and Pet Owners’ Views About Antibiotics for Companion Animals and the Use of Phages as an Alternative. Front. Veter-Sci. 2020, 7, 513770. [Google Scholar] [CrossRef] [PubMed]








[image: Table] 





Table 1. Optimal temperatures at which the animals were housed at different days of life during the in vivo trial.
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	Day of Life
	Temperature °C





	Day 1
	33



	Day 4
	32



	Day 7
	30



	Day 10
	29



	Day 13
	28



	Day 16
	27



	Day 19
	25



	Day 22
	24



	Day 25
	23



	Day 28
	22



	Day 31
	21



	Day 34
	20



	Day 40
	20
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Table 2. Animal feeding conditions during the in vivo trial.
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	Days of Life
	Feed





	0–10 days
	Starter feed



	11–21 days
	1st growing feed



	22–30 days
	2nd growing feed



	31–39 days
	Finishing feed
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Table 3. Experimental design of the in vivo trial, including time (T), aim of the action, and results.
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	Day
	Experimental Action
	Number of Animals
	Aim
	Results





	T0
	Cloacal swab
	75
	To verify the absence of natural Campylobacter spp. colonization
	0 cfu/swab



	T1
	C. jejuni administration
	75
	Experimental infection
	



	T10
	Cloacal swab
	75
	To verify C. jejuni experimental infection
	108 cfu/swab



	T30
	Partial slaughtering
	6
	Evaluation of C. jejuni counts for MOI preparations
	108 cfu/gr cecal content



	T37
	Group construction (A, B and C)
	23 per group
	
	



	T38
	Phage 16 and SM-CaCO3 administration
	46 treated with phage 16

23 treated with SM-CaCO3
	Phage therapy
	



	T39
	Phage 7 and SM-CaCO3 administration
	46 treated with phage 7

23 treated with SM-CaCO3
	Phage therapy
	



	T40
	Slaughtering
	69
	Phage therapy
	Group A: 108 cfu/gr cecal content

Group B: 107 cfu/gr cecal content

Group C: 106 cfu/gr cecal content
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