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Abstract

:

Extended overuse and misuse of antibiotics and other antibacterial agents has resulted in an antimicrobial resistance crisis. Bacteriophages, viruses that infect bacteria, have emerged as a legitimate alternative antibacterial agent with a wide scope of applications which continue to be discovered and refined. However, the potential of some bacteriophages to aid in the acquisition, maintenance, and dissemination of negatively associated bacterial genes, including resistance and virulence genes, through transduction is of concern and requires deeper understanding in order to be properly addressed. In particular, their ability to interact with mobile genetic elements such as plasmids, genomic islands, and integrative conjugative elements (ICEs) enables bacteriophages to contribute greatly to bacterial evolution. Nonetheless, bacteriophages have the potential to be used as therapeutic and biocontrol agents within medical, agricultural, and food processing settings, against bacteria in both planktonic and biofilm environments. Additionally, bacteriophages have been deployed in developing rapid, sensitive, and specific biosensors for various bacterial targets. Intriguingly, their bioengineering capabilities show great promise in improving their adaptability and effectiveness as biocontrol and detection tools. This review aims to provide a balanced perspective on bacteriophages by outlining advantages, challenges, and future steps needed in order to boost their therapeutic and biocontrol potential, while also providing insight on their potential role in contributing to bacterial evolution and survival.
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1. Introduction


The use of antibiotics to treat a wide range of infections, saving millions of lives and revolutionizing the field of medicine since their discovery, has enabled them to be one of the most impactful scientific discoveries in modern history. However, the resulting consequences of their extensive use has signified a new era for medicine. The rapid rise of antibacterial resistance in bacteria across the globe, coupled with declines in the development of novel antibacterial agents, has resulted in the need for new approaches in combating bacterial infections [1]. Bacteriophages (phages), viruses that infect bacteria, have emerged as a viable alternative to the declining utility of traditional antimicrobials to mitigate the risk of pathogenic bacteria [2]. Their ubiquity in nature, versatility, and innate resiliency has elevated their status from mere research organisms to potentially viable and necessary tools in the fight against rising antimicrobial resistance [3].



While their potential utility and benefits continued to be examined and documented, one of the key hurdles facing the progression and ultimate acceptance of bacteriophages for therapeutic and biocontrol purposes is their ability to contribute to the horizontal transfer of genes, which can have negative consequences. The transfer of resistance, virulence, and other negatively associated genes via bacteriophages is a major area in which further examination and understanding is needed, so that proper steps may be taken to minimize its potentially harmful impacts.



Conversely, bacteriophages provide an incredible sense of versatility for potential application. The use of whole phage particles and phage components continues to be studied, as well as their use across a variety of industries and purposes. The application of bacteriophages within medical, agricultural, and food processing settings provides some of the most promising opportunities for their regulatory approval and commercialization [4,5]. Their ability and potential efficacy to be used against bacteria in both planktonic and biofilm settings provide another reason for their continued examination [6]. Phages continue to be studied as not only bacterial killers, but also as potential active bacterial detectors, and while understanding surrounding them remains relatively limited, computational and bioengineering advancements have the potential to further bolster the utility of the bacterial viruses.



Therefore, we aim to provide a balanced perspective on bacteriophages in this review (Figure 1), outlining the current advantages, challenges, and future steps needed in order to boost their therapeutic and biocontrol potential, while also providing insight into their role in the acquisition, maintenance, and dissemination of genes that may benefit bacterial survival through transduction.




2. Bacterial Antimicrobial Resistance—An Ongoing Crisis


2.1. The Boom of Antibacterial Agents


Evidence exists showing the use of various substances for their antimicrobial properties since ancient times [7,8]. However, the scientific discovery and characterization of compounds throughout the 20th century [9], particularly antibiotics, revolutionized civilization with direct and substantial benefits to global health and the global economy [10]. The significance of the contributions of antibacterial agents to the control of infectious diseases, previously among the leading causes of human morbidity and mortality for most of human existence [10], cannot be emphasized enough. The golden era of antimicrobials, spanning the 1940s to the 1970s [11], was highlighted by the discovery and development of numerous antibiotic drug classes [10]. Bacterial illnesses, such as pneumonia and tuberculosis, had accounted for 22% of all deaths in the United States of America in 1930, with this figure declining to a mere 6% by 1952 [12] following the availability of antibiotics. While approximately 280,000–300,000 Americans died annually as a result of bacterial infections throughout 1930–1936 [12], fewer than 95,000 died in 1952 from similar causes [12]. The therapeutic use of antibiotics for the treatment of severe infections, as well as their prophylactic use in certain clinical situations, has proven to be powerful and crucial for the betterment of human health [13]. Nonetheless, a major consequence of the expanded use of antibacterial agents has been the heightened presence of resistant organisms as a result of the increase in evolutionary selective pressures [14].




2.2. The Rise of Antibacterial Resistance


Studies have shown the relationship shared between the emergence and dissemination of antimicrobial resistant bacterial strains with increased antibiotic consumption [15]. Through natural selection, the presence of antibacterial agents removes sensitive competitors and allows resilient bacteria to remain and reproduce, thus increasing their numbers [16]. The lack of regulations in many countries worldwide regarding antibiotic prescription and use for human and in agriculture means that they are easily accessible, plentiful, and cheap, all components which promote their overuse [17]. Findings that 30–50% of recorded antibiotic prescriptions include incorrect treatment indication, choice of agent, or duration of therapy indicate a great degree of misuse within clinical circumstances [15,18]. The incorrect prescription of antibiotics has questionable therapeutic benefits and compounds selection for drug-resistant bacterial strains, while further exposing patients to potential complications [19]. Additionally, suboptimal dosing of antibiotics can promote resistance by supporting genetic alterations through mutagenesis and horizontal gene transfer [20]. Poor patient compliance throughout the course of antibacterial therapies also presents a source of worry regarding the progression of antibacterial resistance, with an adherence study conducted by Llor et al., 2013, reporting excellent adherence to antibiotic treatment by nearly 30% of patients, while close to 25% of patients displayed non-adherence to the antibiotic treatment of respiratory infections [21]. Moreover, poor antimicrobial stewardship practices within healthcare settings lead to an increase in the development and transmission of resistant bacterial infections within hospitals [22]. While increases in patient–patient interactions and the excessive use of antibiotics contribute to the selection of drug-resistant bacterial strains within clinical environments; increased regulations regarding hygiene and sanitation, particularly handwashing and hand gloving, have been noted to be most effective in minimizing transmission [23]. Crucially, limiting the spread of antibacterial resistance requires a two-prong approach; limiting the development of resistance through the controlled use of antibacterial agents and limiting transmission through proper sanitation and management of residues [24,25].



One of the key contributors to the development of resistant bacterial strains is the continuous use of antimicrobials for agricultural purposes, specifically relating to food-producing animals [26]. The extent of their use for the purposes of growth promotion, feed efficiency improvement, and disease prophylaxis contributes heavily to the potential dangers they pose to human health due to the likelihood of them contributing to the transfer of antimicrobial-resistant pathogens to the human population [27]. On an annual basis in the United States, 80% of the total 17 million kilograms of antibiotics consumed each year are used on food-producing animals [10]. The intricate web of interactions shared among animals, humans, and the environment necessitates a holistic, One Health approach to address the rise of antibacterial resistance within these three sectors of life [28]. The presence of antibacterial resistance among prominent zoonotic pathogens such as E. coli, Salmonella spp., Campylobacter spp., and Listeria spp. provides a worrisome obstacle in the food-producing animal industry [29], with high rates of resistance being found in the gastrointestinal tracts and carcasses of food-producing animals [30]. The presence of resistant foodborne pathogens may lead to outbreaks of resistant disease upon the consumption of contaminated meat products. Additionally, the use of antibacterial agents in agriculture can also have negative impacts on the environmental microbiome [31]. Up to 90% of livestock-consumed antibiotics are excreted as waste in stool or urine [32], which can then be broadly dispersed through groundwater, surface runoff, and fertilizer [15]. This further exposes microorganisms within the environment to growth-inhibiting agents and alters the surrounding ecology by increasing the proportion of resistant versus vulnerable bacteria [33]. Without being addressed, this problem can become cyclical and accumulative within the microbiome over time, leading to further negative impacts as resistant bacteria grow in number and strength [34,35]. Thus, the use of antibacterial agents in food-producing animals is a major force behind the rise in the prevalence of antimicrobial resistance.




2.3. The Sobering Reality of Antibacterial Resistance


A vital step in minimizing the impact of antibacterial resistance lies in the bettered understanding of the mechanisms of antibacterial action and their corresponding resistance mechanisms so that novel approaches can be undertaken to lessen its ramifications. In general, a variety of antibacterial agents have been used to combat microbial growth, including antibiotics, antiseptics, and disinfectants [36]. Antibiotics, defined as selectively toxic natural or synthetic organic substances which destroy or inhibit bacteria and other microorganisms [36], are considered the primary threat behind rising antibacterial resistance. Antibiotics are commonly classified into five modes of action [37]: (1) inhibition of cell wall biosynthesis, (2) inhibition of membrane function, (3) inhibition of protein biosynthesis, (4) inhibition of nucleic acid synthesis, and (5) antimetabolites.



While the bulk of our understanding and use is related to antibiotics, antibacterial agents such as antiseptics, defined as biocides which destroy or inhibit microbial growth in or on living tissues, and disinfectants, defined as biocides used on surfaces or inanimate objects [36], have received increased scrutiny regarding their connection to antimicrobial resistance, as well as their varying levels of toxicity to their environment [36,38]. Some of their mechanisms of action include DNA strand breakage, inhibition of DNA synthesis, damaging of the cytoplasmic membrane, cross-linking of macromolecules, and the uncoupling of enzymes [36]. While antiseptics and disinfectants have been used thoroughly as bactericides, an increasing number of reports have shown their association with growing bacterial resistance. For example, the widespread use of triclosan, a bisphenol compound that is commonly used in hand soaps and household items for its antimicrobial properties [39,40], has been found to lead to various bacterial strains becoming resistant to it, such as Salmonella enterica [41] and E. coli [42]. Alarmingly, environmental exposure to triclosan has been noted to increase occurrences of cross-resistance to unrelated antibiotics, particularly chloramphenicol and tetracycline, which may exasperate the severe public health threat of burgeoning multidrug resistant bacteria in environmental microbial communities [39]. As such, the incorporation of triclosan into household soap products and over-the-counter health products was banned by the United States Food and Drug Administration (FDA) in 2016 [43]. Stable resistance to another common disinfectant and antiseptic, chlorhexidine diacetate, has been observed in Pseudomonas aeruginosa [42]. Furthermore, silver compounds, which have been used in combination with antibiotics to boost their efficacy, have been shown to enhance the selection of antibiotic resistant genes among bacteria [44]. Additionally, bacterial resistance has been reported to quaternary ammonium compounds (QACs) which are widely used as disinfectants in both medical and food-processing environments [45]. For example, nearly 13% of staphylococci isolates and 30% of Pseudomonas isolates exhibited an ability to grow in concentrations of benzalkonium chloride which are normally recommended for disinfection purposes [46].



Mechanisms associated with antibacterial resistance are often grouped into the following categories [47,48]: (1) Prevention of cellular uptake or efflux, where bacteria inhibit the accumulation of a drug or actively transport it out of the cell to prevent the drug from reaching its cellular target; (2) drug inactivation or modification, where resistance genes code for enzymes that chemically modify and inactivate a drug through hydrolysis; (3) target overproduction or enzymatic bypass, where bacteria increase production of a targeted enzyme in order to ensure there is a sufficient amount of antibacterial-free enzyme to carry out normal enzymatic reactions, or to find ways to bypass the need for the functional target enzyme; (4) target modification, where mutations can lead to structural changes in targets that render select antibacterial agents ineffective; and (5) target mimicry, where bacteria produce certain proteins that bind and isolate drugs, thus preventing them from binding to their targets. The breadth of mechanisms employed by bacteria to resist the effects of various antibacterial agents provides a challenge regarding future approaches aimed to combat the antimicrobial resistance crisis and prevent its widening reach.



The increasing number of findings regarding the wide variety of antibacterial agents to which bacteria may become resistant to provides a worrisome development for a variety of industries. As a result, mortality rates due to resistant bacterial infections have been on the rise, with around 25,000 patients in the EU dying from them annually [9]. In the United States, an estimated 2 million patients a year deal with infections resulting from drug-resistant bacteria, with more than 63,000 passing from hospital-acquired infections [9,10]. Moreover, costs associated with extra healthcare costs and productivity losses resulting from resistant bacterial infections in the EU are estimated to be worth at least 1.5 billion EUR [49]. These indirect and direct costs are further exasperated in the United States where they reach annual estimates of 55 billion USD [50]. On its present trajectory, the antimicrobial resistance crisis has the potential to reach levels of 10 million deaths worldwide by 2050 and costs of up to 100 trillion dollars [10,50], unprecedented levels which may far exceed the impacts observed within the pre-antibacterial era. Therefore, a host of scientific, regulatory, and economic measures are urgently needed in order to address this pressing crisis and mitigate its future impacts.





3. Bacteriophage Biology and History


Since their independent discovery over a century ago by Frederick Twort and Felix d’Herelle, bacteriophages have played a key role as model organisms, helping further the development of fields such as molecular biology, microbial genetics, biodiversity, and medicine [51]. They have been used by Salvador Luria and Max Delbruck to observe the spontaneous and random nature of genetic mutations within bacteria [52], by Alfred Hershey and Martha Chase to confirm the role of DNA and not protein as the hereditary material of life [53], by Joshua Lederberg and Norton Zinder to discover transduction, the process in which viruses transfer DNA between different cells [54], as well as by Francis Crick, Leslie Barnett, Sydney Brenner, and R.J. Watts-Tobin to demonstrate how nucleotides are read three base pairs at a time as codons to represent individual amino acids [55]. Furthermore, the discovery and characterization of the bacterial CRISPR-Cas adaptive immunity systems has opened a new world of applications, among them the possibilities of synthetic biology and genome editing [56,57,58]. Its potential applications to the biomedical and agricultural sectors, among others, provide another example of the key role bacteriophages have played within biology. Additionally, phages have played an important role in bettering our understanding of global biodiversity, as the combination of their ubiquity throughout nature and advancements in omics-based analyses has given scientists insight into the role phages play within the environment relating to microbial turnover, gene transfer, metabolic reprogramming, and biogeochemical cycling [59,60]. While phage therapy research was hindered between the 1940s and early 1980s due to antibiotics being the antibacterial of choice for therapeutic purposes within Western countries [61,62], the continued use and development of bacteriophages as a viable option for use within Eastern countries, particularly those within the former Soviet Union [63,64], displayed the promising potential of phages. In light of the declining utility of antibiotics and rise in antibacterial resistance, a renaissance of interest in phage research has sparked worldwide.



Bacteriophages are often noted as the most abundant biological entity on earth, with estimates of their population being in the range of 1031 viral particles across the biosphere [65]. As with other viruses, phages are infectious particles composed of a minimum of two components, (1) protein subunits that form a protective capsid surrounding (2) nucleic acids composing the phage genome [66]. The capsid has three main roles within a phage’s life cycle [67]: (1) to protect the phage genome (e.g., from nucleic acid-degrading enzymes), (2) effecting phage adsorption to susceptible bacteria, and (3) delivery of the phage genome into the cytoplasm of an infected bacterium. Phages genomes may be comprised of double-stranded or single-stranded DNA, as well as double-stranded or single-stranded RNA [68]. Phage genome vary in size from the extremely small genomes of the Leviviridae family of RNA phages which can be as small as 3.3 kb in length [69], to the comparatively larger genome of the Bacillus megaterium phage G with a genome that is 497 kb in length [70], as well as reported Lak megaphages with genome sizes in the range of ~540 to 552 kb [71].



Phages are traditionally categorized in regard to their morphology in structures such as tailed, polyhedral (icosahedral or quasi-icosahedral bodies), filamentous, or pleomorphic [72]. The morphology of bacteriophages is closely related to the complexity of their genome, as a larger genome often indicates a large capsid and therefore a more complex organization [68]. Interestingly, it has been noted that through the analysis of 5568 bacteriophages by electron microscopy, 96.2% were observed to be tailed and the remaining 3.7% as polyhedral, filamentous, or pleomorphic [73]. Hollow tubes within tailed phages act as pipes during infection that ensure the secure transfer of nucleic acids into a host cell [68]. At the end of a phage’s tail is an adsorption apparatus that acts as a special adhesive system which serves to recognize host cells and penetrate their wall [68].



A key aspect in the biology of bacteriophages is their replication cycles, identified as the lytic cycle and the lysogenic cycle [74,75]. Phages that exclusively undergo the lytic cycle, also known as the productive or virulent cycle, are termed as lytic or virulent [76]. Virulent phages infect bacterial hosts, overtake cellular metabolic functions, and subvert them to the production of phage progeny, whereupon bacterial host death occurs upon lysis of the bacterium and release of newly formed phage particles [77]. Additionally, the number of phage progeny produced which spread and infect other cells is dependent on the type of phage [78]. The model lytic cycle consists of five sequential stages: adsorption, penetration, maturation, assembly, and lysis [67].



Adsorption begins when specialized structures such as spikes or fibers bind to specific surface molecules (e.g., lipopolysaccharides and OmpC proteins) on the target bacterium [67,79]. Bacterial receptors vary among strains and they may be located on the cell wall, plasma membrane, flagella, pili, or capsules [80]. In addition, phage adsorption is reliant on a variety of physical and chemical interactions within and surrounding the phage–bacteria complex [67,81]. Next, the bacteriophage uses a variety of mechanisms and enzymes to degrade the cell wall of the host, enabling the outer and inner membranes to be punctured and the viral genome to be injected into the bacterium’s cytoplasm [82]. While the viral DNA or RNA is often the only component which enters the host, filamentous DNA phages such as that of E. coli (e.g., f1, and fd) reportedly enter the inner membrane of the host cell’s envelope while being coated, upon which the protein coat disassembles into subunits and subsequently releases the DNA intracellularly [83]. Following entry of the viral genome into the bacterial host, the expression of “early proteins”, which are needed to replicate the phage genome and to further modify present cellular machinery, begins as a way to divert the synthetic capacity of the cell towards phage progeny production [67,84]. Numerous copies of the phage genome are synthesized at this time which can be used for the transcription and translation of late proteins, which make up several components of the tail assembly [67,85]. At this stage within the lytic cycle, phage components are packaged and assembled into newly formed virions, occurring either spontaneously or with the aid of specific enzymes [67]. Copies of the phage genome are inserted into preassembled protein shells termed procapsids, and this assembly involves complex interaction between specific scaffolding and head structure proteins [86]. In the final step of the lytic cycle, progeny phage particles are released with cell lysis. Specific enzymes such as lysin and holin break down the cell membrane from within and liberate the new infectious phages that are capable of continuing the cycle over again within new susceptible host cells [87].



Select bacteriophages may employ the lysogenic cycle, where their nucleic acid is incorporated into the genome of a host bacterium or separately as an extrachromosomal plasmid [88], leading to its presence as a prophage within the bacterium and its progeny [89]. The prophage may be carried for several generations by the lysogenic bacterial host until it is induced into the lytic cycle to produce phage progeny as described in the previous paragraph. Induction can be spontaneous, but usually occurs following adverse environmental conditions, including changes in nutrition, pH, temperature or other external stressors, which can trigger the cell’s DNA damage response [90]. Details regarding lysogeny and its potential impact on the utility of bacteriophages in general will be covered in greater detail in the following section.




4. Bacteriophage Contribution to the Evolution and Mobilization of Antimicrobial Resistance


In response to selective pressures such as the presence of antibacterial agents, bacteria acquire new genetic traits through mutations and horizontal gene transfer (HGT), which in turn provide potential selective advantages for the survival of bacteria. Mutations, often accompanied with decreases in an organism’s fitness [91], occur relatively slowly at an average mutation rate of 10−6 to 10−9 per nucleotide per generation [92]. Conversely, HGT offers bacteria a diverse array of transferrable genetic elements that can enable bacteria to adapt and respond to stresses more rapidly through the acquisition of large DNA sequences in single transfers, ranging from 1 to more than 100 kb [92]. Estimates of 1025 phage infections initiating every second worldwide [93] and up to 20% of the bacterial genome being composed of viral origin indicate the potentially large impact which HGT can have on bacterial evolution [94]. Bacteriophages have been observed to provide contributions to bacteria through the transfer of DNA sequences including chromosomal sequences such as prophages, and mobile genetic elements such as transposons, plasmids, pathogenicity islands, and insertion elements [95]. They are more often involved in genome diversification in intraspecies alignments than in interspecies scenarios due to their innate host specificity [92]. As such, it is of interest to understand the extent to which bacteriophages aid in the transfer of genetic material across bacterial hosts, and in particular, their role in propagating antibacterial resistance, bacterial virulence, and pathogenicity [96].



4.1. Fundamentals of Bacteriophage-Mediated Gene Transfer


One of the primary ways in which bacteriophages impact bacterial fitness is by introducing new fitness factors to their bacterial hosts through transduction. A mechanism of horizontal gene transfer, transduction is noted as the transfer of bacterial DNA between a bacteriophage-infected bacterium and a bacteriophage-susceptible bacterium [97]. Its role in the transfer of genetic material within natural environments has traditionally been underestimated, although metagenomic analysis of viromes has suggested that functional bacterial genes may exist in up to 60% of bacteriophages, displaying their potential as reservoirs of bacterial diversity [95]. Transduction is regarded as a primary driving force behind microbial evolution [98] with estimates of 20 × 1015 gene transfer events per second [99]. Additionally, prophages are believed to be present in nearly half of sequenced bacterial genomes [100]. Traditionally, two types of transduction are observed, generalized and specialized. Generalized transduction occurs when phage packaging accidentally incorporates bacterial DNA instead of phage DNA through faulty genome packaging, resulting in the transfer of any host gene across hosts [98]. Generalized transduction occurs in the lytic cycle of a bacteriophage and in around 1 in 10,000 phage progeny [101]. In generalized transduction, viral DNA is not present within the transducing particle and it is the transduced bacterial DNA which is present [102]. Viruses such as those of the genus Viunalikevirus, capable of efficient generalized transduction, may present as useful agents for synthetic biology and functional genomics studies, and continue to be investigated for their potential ecological significance [103,104]. Conversely, specialized transduction, which has been investigated extensively through study of phage P22 [105,106,107,108], is viewed as a property of temperate phages and occurs due to the imprecise excision of an integrated prophage genome from the bacterial chromosome, leading to adjacent pieces of bacterial DNA being incorporated into new phage virions during packaging [101]. In specialized transduction, both viral DNA and the transduced bacterial DNA are present, although there are relatively smaller quantities of bacterial DNA transferred compared to generalized transduction [102].



While generalized and specialized transduction are believed to occur as a result of erroneous phage processes, the recent characterization of lateral transduction (Figure 2), which has only been described in Staphylococcus aureus temperate phages to date, may point to this mechanism as being a natural part of the phage life cycle [98,109]. Believed to transfer significantly larger amounts of genetic material at frequencies at least 1000 times greater than generalized or specialized transduction [98], lateral transduction is observed to occur upon the delayed excision of a prophage where bacteriophages may initiate DNA replication while still integrated in the host genome, resulting in multiple prophage genomes being present [110]. Following this, headful packaging and assembly may initiate on some genomes and lead to the transfer of viral and bacterial chromosomal DNA to other bacteria, while other phage genomes may simultaneously continue with normal phage maturation [110]. Due to its efficient transfer of several hundred kilobases of genetic material [110], it is believed that lateral transduction is a leading force in the rapid evolution of bacteria as opposed to the comparatively smaller amounts of genetic material (~40 kb) transferred through generalized transduction, for example [96,111].



It is important to note that transduction would be an inconsequential process if it did not provide benefits to both bacteria and bacteriophages. Observations of the competitive advantages which lysogens have over prophage-lacking competitors supports the notion that the presence of prophages may function as a mutualistic trait [111,112]. Once considered as bacterial parasites which silently persist within bacteria, prophages are now understood to have a symbiotic relationship with their bacterial hosts [113]. As bacterial viruses, the obligate dependence of phages on bacteria for functions relating to energy production and biosynthetic activities means that by providing their bacterial hosts with access to genes encoding for a variety of fitness advantages, the growth rate and physiology of the bacterial host may be improved through the integration of the prophage, which may then lead to growth in phage population numbers and dissemination to different environment and hosts [92,111,114].




4.2. Bacteriophage Contributions to Antibacterial Resistance


In an attempt to understand how to minimize the spread of antibacterial resistance, recent findings have shown the significant contributions of phage-mediated transduction in propagating antibacterial resistance genes. In particular, documented cases of phages propagating resistance genes in clinically relevant bacterial pathogens listed as part of the World Health Organization’s Priority Pathogens List (Table 1) pose a significant barrier for the advancement of bacteriophages as a potential biocontrol agent [115]. While prophages may be recognized as vehicles and environmental reservoirs for antimicrobial resistance genes [116,117,118], their net effects on bacterial fitness and relevance to the evolution of resistant bacterial pathogens are yet to be fully understood. Specifically, as active prophages may excise to form progeny phage particles which increase the mobility of carried virulence and resistance genes; the presence of cryptic prophages, considered as relatively permanent reservoirs of virulence, resistance, and tolerance genes due to their inability to form active phage particles to lyse their hosts, further laments the beneficial impact which prophages may have on bacterial survival [119]. Moreover, insight into the prevalence of virulence factors and antimicrobial resistance genes encoded by prophages in different strains of seven bacterial pathogens may suggest differing distribution patterns, with prophage-encoded antimicrobial resistance genes being detected in a broader range of hosts than prophages containing virulence factors, which were conserved in only a couple species [120]. However, more analysis is needed using more strains isolated from different clinical and natural environments before drawing a generalized conclusion from these observations. Mechanisms contributing to phage-encoded virulence factors include improvements in gene mobility resulting from increased virulence factor presence among bacterial populations, as well as epistatic interactions between virulence and phage genes that subsequently enhance the utility of virulence factors to bacterial hosts, among others [114]. Nonetheless, it is important to note that the extent to which resistance genes are functionally encoded for among phages may be significantly less than portrayed through bioinformatic analysis, hinting that the presence of resistance genes among phage genomes may be more conservative in nature and stressing the need for further investigation [121].



Studies have observed the transfer of antibiotic resistance genes in critical pathogens such as Acinetobacter baumannii and Pseudomonas aeruginosa. Regions around 30 kb in size, including genes associated with resistance to aminoglycosides (armA), β-lactam (blaTEM-1), tetracycline (tet(B)), and nalidixic acid (gyrA-81L), were found to be transduced to an antibiotic-susceptible A. baumannii 17,978 strain from an original multidrug-resistant A. baumannii NU-60 strain [122]. Recent genomic analysis has exhibited the extent of prophage presence across the A. baumannii genome, with 78% of observed intact prophages conferring presumed virulence factors [123]. Furthermore, low-frequency transduction to imipenem and high-frequency transduction to cefotaxime, ceftazidime, and aztreonam has been observed in vitro with P. aeruginosa [124]. In addition, phage-mediated transduction of numerous genes encoding resistance to "last-resort antibiotics" such as fluoroquinolones (qnrB19 and qnrS2), carbapenems (blaKPC-2, blaKPC-3, blaBKC-1, and blaOXA-656), and colistin (mcr-4 and mcr-5) on small plasmids has been observed, indicating the potentially drastic effects bacteriophages can have on the dissemination of antibacterial resistance genes [125]. Findings have also displayed how transduction could be a major contributor to the emergence and spread of antibacterial resistance in clinically relevant Staphylococcus aureus [126]. For example, plasmids providing resistance against tetracycline and penicillin have been noted to be transduced between S. aureus isolates [127]. Transduction of large sections of the Staphylococcal Cassette Chromosome mec (SCCmec) alongside the methicillin resistance gene mecA has also been observed [128].



Bacteriophages have also been noted to be involved in the transduction of antibacterial resistance genes in common foodborne pathogens listed as part of the World Health Organization’s Priority Pathogens List (Table 1) [129]. Infection of E. coli by Stx-converting phage, modified to incorporate resistance genes for tetracycline or chloramphenicol, resulted in transductants exhibiting resistance to the antibiotics [130]. In addition, 24.7% of 243 tested coliphages originating from retail chicken meat samples were observed to transduce one or more resistance gene encoding for tetracycline, ampicillin, kanamycin, and chloramphenicol to a laboratory strain of E. coli [131]. Transduction of antibiotic resistance has been primarily reported in laboratory strains, where the efficient transfer of resistance genes to tetracycline was observed to occur from E. coli 0157:H7 to E. coli K-12 [132]. Furthermore, transduction of antibiotic resistance genes has also been observed in Salmonella-infecting phages, particularly P22-like phages [129]. Transduction of genes conferring resistance to ampicillin (amp), chloramphenicol (cam), and tetracycline (tet) was observed between donor and recipient strains of Salmonella Typhimurium DT104 strains [133]. The same group also observed that 14 of 16 transductants were able to co-transduce genes conferring resistance to sulfonamides (sul) and streptomycin (str), along with the previously mentioned amp, cam, and tet genes. More recently, genome scanning has displayed the common presence of P22-like prophages in 18 Salmonella serovars, hinting that generalized transduction may be more prevalent than previously believed [129,134].
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Table 1. Observed phage-mediated transduction events involving antibiotic resistance genes among bacterial pathogens identified as part of the World Health Organization’s Priority Pathogens since 2010.
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	Bacterial Pathogen
	Phage
	Resistance Gene
	Antibiotic
	Reference





	Acinetobacter baumannii
	Unknown
	armA

blaTEM-1

tet(B)

gyrA-81L
	Aminoglycoside resistance

Β-Lactamase resistance

Tetracycline resistance

Nalidixic Acid resistance
	[122]



	Acinetobacter baumannii
	Unknown
	blaNDM-1
	Β-Lactamase resistance
	[135]



	Pseudomonas aeruginosa
	Unknown
	blaVIM

blaTEM

mecA

qnrA

qnrS
	B-Lactamase resistance

Methicillin resistance

Quinolone resistance
	[136]



	Staphylococcus aureus
	Φ19
	erm(C)
	Erythromycin resistance
	[137]



	Staphylococcus aureus
	Φ20
	erm(C)
	Erythromycin resistance
	[137]



	Staphylococcus aureus
	80α
	erm(C)
	Erythromycin resistance
	[137]



	Staphylococcus aureus
	Φ52A
	tetK

cadD

blaZ
	Β-Lactamase resistance
	[127]



	Staphylococcus aureus
	Φ80α
	tetK

cadD

blaZ
	Tetracycline resistance
	[127]



	Staphylococcus aureus
	Φ29
	tetK
	Tetracycline resistance
	[127]



	Escherichia coli
	933W
	tet(A)
	Tetracycline resistance
	[132]



	Escherichia coli
	Various
	blaTEM

floR

aphA1

tet(A)
	Ampicillin resistance

Chloramphenicol resistance

Kanamycin resistance

Tetracycline resistance
	[131]



	Escherichia coli
	Unknown
	qnrA

qnrS
	Quinolone resistance
	[138]



	Escherichia coli
	Unknown
	blaTEM

blaCTX-M9
	Β-Lactamase resistance
	[139]



	Escherichia coli
	Unknown
	sul1

armA

blaTEM

blaCTX-M-1

blaCTX-M-9

blaOXA-48

blaVIM

qnrA

qnrS
	Sulfonamide resistance

B-Lactamase resistance

Quinolone resistance
	[140]



	Escherichia coli
	Unknown
	blaTEM

blaCTX-M-9

blaVIM

qnrA

qnrS
	B-Lactamase resistance

Quinolone resistance
	[141]



	Salmonella enterica
	SJ46
	blaCTX-M
	B-Lactamase resistance
	[142]



	Salmonella enterica
	Unknown
	Unknown
	Kanamycin resistance
	[143]



	Salmonella enterica
	Unknown
	tetG
	Tetracycline resistance
	[134]



	Salmonella enterica
	ΦEB49
	ΔlacZ::kan
	Kanamycin resistance
	[144]



	Salmonella enterica
	ΦEB47
	ΔlacZ::kan
	Kanamycin resistance
	[144]



	Salmonella enterica
	ΦEB32
	ΔlacZ::kan
	Kanamycin resistance
	[144]



	Salmonella enterica
	ΦEB5
	ΔlacZ::kan
	Kanamycin resistance
	[144]



	Enterococcus faecium
	NG_048231.1
	tetM
	Tetracycline resistance
	[142]



	Enterococcus faecium
	EFRM31
	GEN
	Gentamicin resistance
	[145]









4.3. Additional Contributions of Bacteriphages to Bacterial Virulence


In addition to the phage-mediated distribution of antibacterial resistance genes, bacteriophages also impact bacterial fitness in a variety of other ways. Phages have been noted to play a role in the emergence of pathogens, with two distinguishable ways in which prophages may encode for virulence factors. The first observed situation is when a pathogen depends on a specific prophage-encoded toxin to cause disease, as in the case with Vibrio cholerae, Shiga toxin-producing Escherichia coli, Corynebacterium diphtheriae, and Clostridium botulinum. For example, an outbreak of enteroaggregative hemorrhagic E. coli O104:H4 that led to 3,842 human infections was reported to have gained virulence through the uptake of a Stx2a virulence marker by way of a Shiga toxin-encoding bacteriophage [146]. More recently, whole-genome sequencing-based epidemiological analysis has indicated the horizontal transfer of the sopE virulence gene via temperate bacteriophage mTmV, leading to the emergence and clonal distribution of a new epidemic S. enterica Typhimurium clone [147]. The second scenario involves certain pathogenic bacteria which harbor a multitude of prophages, with each phage-encoded virulence factor contributing a small amount to the overall pathogenicity of the lysogen [92]. Some pathogens which follow this second model include Staphylococcus aureus, Streptococcus pyogenes, and Salmonella enterica serovar Typhimurium [92].



The presence of prophages within a bacterial chromosome can naturally lead to their lysogen hosts benefitting of protection from further infection by other bacteriophages, termed superinfection immunity [148]. Following prophage establishment, superinfection immunity may also be transmitted to many bacterial generations as well [149]. These developments are in line with the symbiotic relationship shared among prophages existing in bacterial cells and is another way which enables their continued survival. For example, superinfection exclusion systems such as that of the P22 phage are considered to be of benefit to the life cycle of the particular virus as a result of the protection they afford [150]. Mechanisms by which superinfection immunity is achieved relate to the prevention of phage binding or phage genome injection through the bacterial envelope, as well as through the blocking of phage genomes from passing through the cellular envelope following them passing through outer membrane modifications [113]. For example, superinfection immunity has been observed in Salmonella phage P22 (sieA) [151] and Vibrio cholerae phage K139 (Orf2) [152]. While superinfection immunity may be beneficial in protecting bacteria against closely related bacteriophages, its benefits are believed to be limited due to the natural diversity of bacteriophage populations [78]. Recent studies have thoroughly examined the prevalence of prophage-mediated superinfection immunity, as well as the mechanisms which contribute to it [148].




4.4. Further Considerations—Co-Evolution and Interactions between Bacteriophages and Other Mobile Genetic Elements


There are a number of important interactions between bacteriophages and other mobile genetic elements, including plasmids, genomic islands, and integrative conjugative elements (ICEs) that contribute to bacterial evolution. One of the most important elements which enables bacteriophages to have such an impact on their bacterial hosts is the presence of phage-encoded integrase enzymes which enable the unidirectional and highly specific recombination of foreign DNA into the bacterial genome [153]. Two distinct families of phage integrases, tyrosine recombinases and serine recombinases, mediate the efficient recombination of short phage DNA strands at the phage attachment site (attP) and bacterial DNA at the bacterial attachment site (attB) [154]. Serine recombinases have been found to be larger in size while recognizing shorter attP sequences and not requiring host cofactors [153]. In comparison, tyrosine recombinases have been found to recognize and mediate the strand cleavage of longer attP sequences, while commonly also requiring other proteins encoded by the phage or host bacteria [153]. Tyrosine recombinases can be further divided into sub-families based on C-terminal catalytic domains [155], which fall into two broad categories. The first is simple recombinases that are more closely related to the XerC/D recombinases necessary for ensuring chromosomal dimer segregation [156]. The simple recombinases include a diversity of functions [157], including phase variation of pili by invertases and the acquisition of antibiotic resistance genes by class 1 integrons, and there are a small number of prophage that also utilize a simple recombinase, as identified for the Brujita Mycobacteriophage [158]. The second major group of tyrosine recombinases differ from the simple recombinases due to the presence of an N-terminal arm-binding domain [155,159]. These arm-binding tyrosine recombinases are common to both bacteriophages and other mobile genetic elements such as genomic islands and ICEs [157,160]. Notably, related integrase genes targeting the same insertion site can be found in both bacteriophage and ICEs including those within the lambda and P4 integrase families [161] that all target tRNA genes. Similarly, the SXT integrase lineage of ICEs [162] and Enterobacterial cdt1 phage have related integrases targeting the prfC gene.



Although previous work has suggested that phage and genomic island integrases evolved separately [163], large scale analyses of the tyrosine recombinases support a shared evolution [157]. The modular nature of bacteriophages and ICEs may explain the relatedness observed between these diverse mobile genetic elements, as recombination events that impact transfer mechanisms can occur independently of the integration functions [164]. The functional equivalence of the integration module for phage and ICE movement has recently been demonstrated in Bacillus subtilis [165]. Similarly, ICEs with different conjugation machineries have been associated with closely related integrases [166]. As noted above, there have also been reports of ICEs and phage targeting the same chromosomal locations [167], which would provide opportunities for recombination and co-evolution of ICEs and phage over evolutionary time [160].



The existence of “phage-like plasmids” also known as “circular plasmid prophages” has been known since the discovery of the P1 phage, but additional examples of elements combining the features of plasmids and phage were rare until recently [168]. These combinations highlight the interconnected nature of mobile element categories, which provides an evolutionary benefit through genetic flexibility [169]. The plasmids from the incompatibility group identified as IncY are also members of the P1 phage group and have recently been associated with important antimicrobial resistance genes including blaCTX-M-15 and mcr-1 [170]. Several members of the P1 phage group have also been identified as integrated components in larger multi-drug resistant plasmids, although the functionality of these bacteriophage has not been determined [168]. Similarly, the co-occurrence of one lineage of phage-like plasmids (D6-like plasmids) have recently been found to co-occur with multi-drug resistant IncC plasmids in Salmonella Typhimurium ST213 although a functional association between the two mobile elements has not been established [171].



Recently a new family of mobile elements has been described and categorized as phage-inducible chromosomal islands (PICI) [172]. Like the other mobile elements described in this section, PICI also encode a phage integrase and excisionase and have now been reported in both Gram-positive and Gram-negative bacteria, illustrating their potential importance in bacterial evolution. The characterization of phage-inducible chromosomal islands has renewed interest in the biosynthetic applications of phage integrases [173].



In addition to how integrases may contribute to the unfavorable impacts of bacteriophages on bacterial host survival, their versatility and efficiency has warranted investigation in regard to their potential applications and utility as tools in synthetic biology, which has been reviewed in previous articles [153,154]. While bacteriophages have been found to contribute to bacterial fitness through the transfer of genes associated with resistance and virulence, transduction as a mechanism of horizontal gene transfer is largely associated with temperate phages following the lysogenic cycle [174]. Despite the various studies that have displayed the mutualistic interactions between bacteriophages and their hosts [111], and described how lysogeny provides phages with direct benefits when bacterial hosts are scarce but resources are plentiful [175], few studies have examined the incidence of phage-related sequences in bacterial genomes, with present estimates accounting for these elements to take up around 10% of bacterial genomes [176]. Nonetheless, a temperate phage’s “decision” to integrate its genome into the bacterial chromosome of its host as a prophage is merely a choice for its continued survival, owing to its obligate dependence on its bacterial host [111]. In comparison, the ability of virulent bacteriophages to employ the lytic viral cycle, ultimately leading to the production of numerous phage progeny, provides phages with a great deal of potential for use as novel antibacterial agents, of which their applications will be discussed in subsequent sections.





5. The Unintended Invitation to Revisit Bacteriophages—Phages as a Tool in Biocontrol and Therapy to Combat Antimicrobial Resistance


5.1. Phage Selection Criteria for Biocontrol and Therapy


Bacteriophages must meet several parameters in order to ensure their safety and efficacy before they can be used for biocontrol and therapeutic purposes. Firstly, it is accepted that selected phages must be virulent (strictly lytic), thus lacking the ability to lysogenize targeted hosts [177]. This can help to minimize the transduction potential of the infecting bacteriophage, including the transfer of genes associated with resistance and virulence as discussed in the previous section. The lifestyle of a phage and the presence of potentially dangerous genetic determinants may be analyzed through the use of microbiological techniques by testing their ability to transfer selected markers between bacterial strains, through PCR-based techniques such as testing for the presence of bacterial DNA in phage particles, and through the use of genome sequencing and bioinformatic predictions in order to search for specific sequences associated with gene integration and toxin production [6]. Interestingly, advances in sequencing capabilities and synthetic biology techniques have led to innovative approaches incorporating the use of temperate phages and their lytic variants in phage therapy [178]. While strictly lytic phages will likely be the agent of choice in coming years, these advances highlight the potential viability and value of using temperate phages, including taking advantage of their natural ability for genome integration to either directly kill targeted bacteria through interference with host metabolism, or by rendering them as less pathogenic [178].



Moreover, since a high number of therapeutic phages ( at least 1 × 108 plaque-forming units (PFU)/mL) must be used in order to ensure sufficient contact and rapid infection of targeted cells [67], selected phages should be easily propagated in liquid media with high titer. The host range of selected phages must also be considered, with all epidemiologically important strains of a target bacterium being covered, as some bacterial strains contain several serovars which need to be managed [67]. An optimal balance between too narrow of a host range (which could lead to some strains of the same species not being affected) and too broad of a host range (which could lead to the killing of beneficial bacteria present) must be found [6]. While phages used for therapeutic purposes may follow a “personalized medicine” approach, where pathogenic strains are identified within an individual and specific phages are then selected from pre-existing banks for treatment [179], using phage cocktails, where phages of different specificities are utilized in therapeutic applications, is recommended [6]. The continuous arms race proceeding between bacteriophages and their bacterial hosts relates to the close relationship shared between bacteria and bacteriophages, where bacteria are under constant pressure from their viral invaders, and thus seek to gain resistance to phages to prolong their survival. While being the most abundant living organisms on the planet, bacteria are outnumbered by a factor of 10 to 1 by phages which infect them [180]. As such, they have evolved various phage resistance mechanisms including preventing phage adsorption, preventing phage DNA entry, cutting of phage nucleic acids, and abortive infection systems [181]. Therefore, the use of phage cocktails can aid in overcoming limitations associated with the use of monospecific bacteriophages, such as phage resistance development and limited host range profile [61,182]. Phage cocktails broaden the phage host range and improve treatment efficacy by increasing the number of targeted pathogens. Different phages in cocktails can also synergize by targeting different receptors on bacterial surfaces [183]. Phage cocktails have also been reported to be economically advantageous in comparison to the “personalized medicine” approach of other phage therapy treatments [183]. Improved bioengineering capabilities may also benefit the use of phage cocktails through expanded host ranges and greater utility and specificity in combination therapies with antibiotics, for example [61]. Moreover, the stability of selected phages under a variety of storage and application stages must be considered in order to ensure their durability within intended-use environments [67]. Numerous external factors may influence the integrity of bacteriophages and must be carefully considered when preparing phage preparations for therapeutic and biocontrol use, including temperature, acidity, and salinity or ion concentration [184]. Crucially, the varying levels of these parameters under physiological conditions (e.g., low stomach pH) or industrial settings (e.g., variable temperature) offers a challenge when selecting appropriate phages. As such, efforts to preserve, prolong, and optimize selected phages against the influence of these external factors include the utilization of adapted phage evolution, as well as phage formulation, stabilization, and encapsulation techniques [185,186,187,188]. For example, Kering et al. 2020 were able to induce improved thermal stability of phages at elevated temperatures without affecting their lytic activity [189]. Effective methods for the rapid enhancement of additional, desired characteristics among selected phages continue to be developed as well [190].




5.2. Advantages of Bacteriophages as Biocontrol and Therapeutic Tools


The advantages which lytic bacteriophages provide for biocontrol and therapeutic purposes over traditional chemical antibacterial agents can be attributed to the very properties of phages. They may be applied across a variety of fields, most notable of them agriculture, food processing, and medicine. As bacterial viruses, their potential infection of mammalian cells is unlikely. Available evidence indicates that they have low inherent toxicity [3]. Toxicity tests have shown that no abnormal histological changes or impacts on morbidity or mortality were observed on tested rats who received phage doses orally [191]. While little evidence exists displaying any inherent toxicity associated with phage virions and potential anaphylactic immune responses, toxicity associated with impurities in phage preparations can pose an issue, although this can be minimized through proper phage purification [192,193]. In humans, treatment of various infections with phage administered via oral, superficial, intramuscular, or intravenous routes have been reported in different countries, and any apparent side effects were often minor or localized in nature [4,194,195]. Another benefit to the use of bacteriophages is that they are naturally sourced and highly abundant in a variety of environmental locations [3]. They can be viewed as “green”, and their environmental impact is minimal in comparison to standard chemical antibacterial agents [196]. Their natural abundance means that they are also easily discoverable, particularly in environments with high bacterial concentrations where phages can be isolated against most target bacteria [77]. They are commonly isolated from soil, water, food, sewage and waste management environments, with reports of aquatic environments containing 109 phages/mL [77]. Bacteriophages have also been isolated from a variety of foods such as fresh chicken, beef, pork, and numerous raw vegetables, among others [197]. Moreover, bacteriophages exhibit a great deal of specificity in their targeted inactivation of a narrow spectrum of pathogenic bacteria [4]. Due to their intrinsic host specificity, phages can have the ability to infect only a handful of bacterial strains, or have the capacity to infect bacteria across more than one relatively closely related genus [3]. A major benefit to their host specificity is that phages have minimal impact on beneficial commensal bacteria found in the surrounding flora in contrast to the substantial effects which broad spectrum antibiotics can have on these bacterial populations [3]. Additionally, the continuous propagation of bacteriophages in the presence of their metabolically active host cells can allow for them to be used as a form of “active” therapy, as their antibacterial effects can be amplified through autodosing [3]. The mechanisms by which phages infect and inactivate bacteria differ from those of antibiotics, such that specific antibiotic resistance mechanisms generally do not confer cross-resistance to mechanisms of phage resistance [1]. Furthermore, bacteriophages exhibit relatively high versatility and stability in storage [67] and can be administered in a variety of forms such as liquids, creams, or impregnated solids [198,199], along with their previously mentioned suitability for diverse administration routes. The myriad of properties which make bacteriophages so versatile is a major pushing force for their development and application across numerous industries.




5.3. Bacteriophage as a Biocontrol Tool to Enhance Food Safety


Bacteriophages have received considerable attention in regard to their potential role in improving food safety throughout the food production and processing chain. Bacteriophage biocontrol can be utilized in pre-harvest and post-harvest scenarios, as well as in the decontamination of contact surfaces [200]. Bacteriophages may be administered to live animals via animal feed or spray-applied to feathers or hides prior to slaughter, or as phage preparations upon slaughter which are directly applied to food surfaces via direct spraying, though packaging materials, and as surface disinfectants in food processing plants [200]. The use of bacteriophages for biocontrol poses an attractive alternative for the sanitization of ready-to-eat foods such as fruits, vegetables, and meat products as a means to mitigate the chances of illness outbreaks following human consumption [201]. Common foodborne pathogens such as Listeria spp., Salmonella spp., Campylobacter spp., and E. coli have been the primary targets of phage biocontrol preparations due to the significant number of food-borne outbreaks associated with them [29]. For example, the European Union recorded that 21.8% of all outbreaks in 2015 were caused by Salmonella spp., and 8.9% of outbreaks were caused by Campylobacter spp. [202]. An average of 6500 cases of salmonellosis were also reported annually in Canada between 2009 and 2013 [203], while Salmonella spp. was noted to be the causative pathogen for 34% of confirmed single-pathogen illnesses and 66% of confirmed single-pathogen, outbreak-related hospitalizations in the United States in 2017 [204]. Additionally, over 265,000 cases of food illness related to Shiga toxin-producing E. coli (STEC) are estimated annually in the United States as well [205].



Listeria phages such as P100 and A511 have been shown to be effective in controlling Listeria monocytogenes counts in soft cheeses, mozzarella cheese brines, and chocolate milk [191,206]. Commercial phage biocontrol preparations such as ListShieldTM and ListexTM have also been shown to reduce or eliminate L. monocytogenes contamination in a variety of fruits and vegetables, smoked fish, and sliced meats [200]. ListShieldTM has been shown to reduce L. monocytogenes counts by approximately 2.2 logs in prepackaged frozen foods [207]. Conversely, ListexTM was shown to reduce L. monocytogenes levels by 2.8 logs to undetectable levels in ham slices [208]. Additionally, a separate study found that addition of Listex P100 phage preparations resulted in the 10-fold reduction of L. monocytogenes counts in tested ham samples as well [209]. Reductions in Salmonella enterica counts have been demonstrated upon the application of the commercial six-phage cocktail SalmoFreshTM, with average reductions of 5 logs on lettuce and 0.8 log on sprouts observed [210]. SalmoFreshTM has been shown to be effective in reducing Salmonella amounts in poultry, where reductions of 1.2 logs in chicken breast and 1.3 logs in turkey breast have been observed [211,212]. While studies examining the use and efficacy of bacteriophages in reducing contamination of various foods by Campylobacter are limited, a study found a 0.7 log reduction of Campylobacter presence on chicken neck skins upon the use of phages [213]. Another group observed 1–3 logs reduction in Campylobacter counts on artificially contaminated raw and cooked beef slices [214]. Moreover, investigators have found a three-phage preparation which enables the near or complete elimination of E. coli O157:H7 from 78% of contaminated beef samples [215]. A separate three-phage cocktail was used in ground beef samples and was found to reduce E. coli O157:H7 levels by 1.2 logs [216]. The preservative effects of phages in raw chilled beef have also been recorded, with the shelf life of phage-treated beef being significantly extended [217]. Furthermore, the effectiveness of phage biocontrol on fresh produce has been demonstrated through the observed reductions of E. coli O157:H7 counts by 1–4 logs on baby spinach and green peppers, and reductions of E. coli O157:H7 counts by 2 logs on lettuce and 2–3 logs on cantaloupe as well [218]. Phage cocktails have also been shown to be effective in reducing Listeria presence by 2–4.6 logs in honeydew melons [219,220]. Phage biocontrol has also been employed in controlling plant diseases such as bacterial spot, bacterial wilt, and fire blight in potatoes, tomatoes, and mushrooms, among other cultivated plants [221]. For example, lytic bacteriophages against Erwinia amylovora have been isolated and successfully applied to control fire blight disease in apple and pear trees [222,223,224,225]. Black rot in broccoli caused by Xanthomonas campestris pv. campestris was significantly reduced upon treatment with bacteriophage as well [226]. Additionally, phage cocktails have been employed against Ralstonia solanacearum in bananas [227]. Several recent reviews have covered advancements and future prospective of using bacteriophages for the management of bacterial plant diseases [221,228,229,230,231]. In addition, the feasibility of bacteriophages to be used in aquaculture settings continues to be increasingly investigated, in both prophylactic and therapeutic approaches [232,233,234].




5.4. Use of Bacteriophages Against Biofilms


Bacteriophages have also been proposed as biocontrol agents for the decontamination of contact surfaces, with particular emphasis on their role in controlling the formation of biofilms by pathogenic bacteria. Biofilms have been shown to allow pathogens to persist in environments such as those in food processing and medical environments for prolonged periods, while resisting treatment with traditional antimicrobial and sanitizing agents [67,235]. Observations of a bacteriophage’s ability to penetrate biofilms, in addition to reported phage-antibiotic synergy, points to the potential use of bacteriophages as substitutes or supplements for biofilm elimination [236,237]. The use of single phage preparations and phage cocktails has been tested against biofilms [237], and phage cocktails have been observed to aid in preventing biofilm formation and improving biofilm eradication [238]. Specifically, the success of phage cocktails can be attributed to the difficulty they pose to bacteria in developing phage resistance, given that phage-resistant variants of Pseudomonas aeruginosa have been shown to develop within 6 h following infection with single phage preparations [239]. Phage cocktails have proven effective in reducing the colonization of P. mirabilis in dynamic biofilm model simulations [240]. Similar studies have shown the success of three-phage cocktails in eliminating P. mirabilis, which causes catheter-associated urinary tract infections [241]. Further, the reduction of Staphylococcus aureus counts in biofilms on titanium surfaces shows to be an important development in orthopedic implant-associated infections [242]. Moreover, seven log reductions of oral infection-associated Enterococcus faecalis have been observed within 48 h following phage treatment [243]. In addition to the use of whole phages for the reduction of bacterial biofilms, specific phage-encoded enzymes called depolymerases have been investigated for their ability to degrade the biofilm EPS [244]. These diverse phage-derived enzymes offer another avenue in which biofilm eradication can be achieved through the use of phage-based therapy [245,246]. The application of bacteriophages in clinically relevant biofilms associated with orthopedic, oral, and urinary tract infections has also been extensively covered recently [237]. Moreover, the application of bacteriophages to reduce Listeria biofilm formation on stainless steel surfaces simulating those found often in food-processing plants has also been reviewed [247]. Regulatory and safety considerations have also been discussed in regard to the use of whole phages and phage-based proteins for the control of biofilms within the food industry [248]. Thus, bacteriophages have been shown to be extremely versatile in their use against a variety of foodborne pathogens and biofilm-forming bacteria, warranting further consideration towards their research and regulatory approval for use in the agriculture and food industries.




5.5. Therapeutic Use of Bacteriophages


One of the most exciting opportunities for the application of bacteriophages is the use of phage therapy for clinical and therapeutic purposes. The activity of lytic bacteriophages against drug-resistant bacteria provides one of the areas where phage therapy can have the greatest impact in clinical use. In particular, their potential use in combatting the 12 Priority Pathogens identified by the World Health Organization is of particular interest (Table 2) [249]. As discussed above, findings have displayed a lack of adverse effects on patients following treatment with bacteriophages. The first US-FDA approved Phase I clinical trial for phage therapy, conducted in 2008, found no safety issues associated with the use of phage-based cocktails for the treatment of E. coli, P. aeruginosa, and S. aureus infection in patients suffering from chronic venous leg ulcers [250]. Additionally, P. aeruginosa colony counts have been observed to decrease following the application of six-phage cocktail preparations in the ears of patients suffering from chronic bacterial otitis, while patients and physicians reported decreased intensity of symptoms and no adverse effects [251]. Human clinical trials have also shown that the use of phage therapy in severe Staphylococcus aureus infections resulted in clinical improvements in 8 of 13 (62%) of patients, with no adverse reactions being reported as well [252]. The use of PhagoBioDerm, a commercially available phage-based antimicrobial wound dressing, also pointed to rapid clinical improvements in patients suffering from antibiotic resistant S. aureus infections within the course of a week [253]. Phage therapy has also been used in the United States to successfully treat a patient with an A. baumannii pancreatic pseudocyst infection [254]. Recent trials involving mice have shown a 2.3-fold increase in survival following the treatment of multidrug-resistant A. baumannii infection with bacteriophage cocktails [255]. Benefits have also been observed regarding the action of bacteriophages against lung infections caused by Pseudomonas aeruginosa, with encouraging effects on the host’s immune response being observed as well [256]. The “immunophage synergy” exhibited between the host immune system and bacteriophages provides another avenue for the success of clinical phage therapy, as their ability to aid the immune system while being tolerated by surrounding lung tissue may prove to be of benefit in combatting acute respiratory pathogens [256]. Moreover, the topical application of bacteriophages has been shown to be effective in aiding the recovery of patients suffering from S. aureus-associated antibiotic-unresponsive diabetic foot ulcers [257]. Previous reviews have covered the compassionate use of bacteriophage therapy for acute or chronic infections in humans, particularly within the 21st century, more extensively [258].



Finally, the potential for combined therapies against bacterial infections has been investigated, particularly the simultaneous use of bacteriophages with traditional antibiotics. One of the key advantages which this provides is that as these agents have distinct modes of action, there is a limited chance for the direct development of cross-resistance [259], although some findings have suggested that phage resistance mechanisms may pleiotropically confer increases in antibiotic resistance [260]. Another benefit to combination therapy utilizing phages and antibiotics is that phage production may be increased in the presence of sublethal concentrations of certain antibiotics [261], enabling enhanced bacterial suppression and the more efficient penetration and utility of the agents used [262], potentially aiding in decreasing the amount of antibiotics consumed. Examination of the phage–antibiotic combination has resulted in observations pointing towards potential synergistic effects, termed phage–antibiotic synergy (PAS). Synergistic effects have been observed by [263] upon the use of phage ECA2 and the antibiotic ciprofloxacin against the E. coli strain ATCC 13706. Furthermore, the use of phage SAP-26 in conjunction with rifampicin against the Staphylococcus aureus clinical isolate D43-a resulted in the death of 65% of present bacteria, while phage combinations with vancomycin and azithromycin yielded bacterial death rates of 40% and 60%, respectively [264]. The application of phage LUZ7 in combination with streptomycin against Pseudomonas aeruginosa resulted in reductions in bacterial cell densities significantly greater than each individual treatment [265]. Interestingly, findings have also displayed that mutations associated with developing phage resistance such as sagA, epaR, and epaX may enhance the susceptibility of Enterococcus faecium to ceftriaxone, an antibiotic which is normally ineffective against E. faecium [266]. Nonetheless, further considerations are needed regarding the combined use of bacteriophages and antibiotics against bacterial infections regarding the choice of phage and antibiotic, and the ratios of each agent used [262].
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Table 2. Examples of published studies employing bacteriophage therapy with success against bacterial pathogens identified as part of the World Health Organization’s Priority Pathogens since 2010.
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	Bacterial Pathogen
	Phage
	Subject/Model
	Details
	Reference





	Acinetobacter baumannii
	Βϕ-R2096
	Galleria mellonella larvae

Mouse
	Increased survival rates in both larvae and mice models.

No mortality or serious side effects observed in phage-treated groups.
	[267]



	Acinetobacter baumannii
	Phage Cocktail (5 phages)
	Human patient
	Intravenous treatment

Slight improvements in alertness, no signs of further infection. Patient died after decision to withdraw care by family.
	[268]



	Acinetobacter baumannii
	PBAB08

PBAB25
	Mouse
	Intraperitoneal, intranasal, and oral treatment.

2.3-fold higher survival rate than untreated subjects within 7 days. None or minimal inflammatory responses recorded.
	[255]



	Pseudomonas aeruginosa
	Phage Cocktail (4 phages)
	Zebrafish
	Decreased lethality, bacterial burden, and pro-inflammatory response caused by bacterial infection.
	[269]



	Pseudomonas aeruginosa
	BrSP1
	In vitro
	Maintenance of bacterial population at low levels 12 h post infection.

Host range analysis exhibits 51.4% of 26 investigated bacterial strains were susceptible.
	[270]



	Pseudomonas aeruginosa
	MAG1

MAG4
	In vitro
	MAG4 reduced present biofilm formations more effectively after short treatment time.

MAG1 was more effective with longer treatment time and selected less for phage-resistant clones.
	[271]



	Staphylococcus aureus
	STA1.ST29

EB1.ST11

EB1.ST27
	In vitro
	Phage cocktail was able to reduce bacterial germ density in pasteurized milk and raw milk.

Only moderate decreases in raw milk results compared to pasteurized milk observed.
	[272]



	Staphylococcus aureus
	AB-SA01
	Human patients
	Intravenous administration.

8 of 13 patients showed signs of clinical improvement, while no adverse reactions were reported or attributed to the application of phages.
	[252]



	Escherichia coli
	Phage Cocktail (ListShieldTM, EcoShield PXTM, SalmoFreshTM)
	Mouse
	Phage cocktail significantly reduced bacterial pathogen counts by 54% in fecal samples.

No notable changes or distortion of gut microbiota composition. Decreased weight-loss occurred in mice treated with phage cocktail compared to other treatment groups.
	[273]



	Escherichia coli
	Phage Cocktail (ECML-363, ECML-122, ECML-359)
	In vitro
	Phage cocktail more effective than ciprofloxacin administration in reducing simulated bacterial populations (2–3 log reduction).

No to moderate impact on commensal bacteria observed compared to antibiotic.
	[274]



	Escherichia coli
	CS EPEC

BL EHEC
	In vitro
	High efficiency in reduction of EPEC or EHEC contaminated meat, in about 99.20% and 99.04% respectively.
	[275]



	Salmonella spp.
	LPSTLL

LPST94

LPST153
	In vitro
	Phage cocktail had broad spectrum to lyse diverse Salmonella serovars.

Near complete elimination of targeted pathogens in milk samples after 6 h and 12 h of phage treatment.
	[276]



	Salmonella spp.
	Phage Cocktail (5 phages)
	In vitro
	Reductions of 1.0 log CFU/cm2 observed following immersion of samples (chicken skins) in phage suspensions.
	[277]



	Campylobacter spp.
	Phage Cocktail
	Broiler chicken
	Significant reduction and control of C. jejuni presence within 24 h of phage application.

Continued presence of phages 6 days after phage application.
	[278]










6. Bacteriophages for Detection of Bacterial Pathogens


In addition to their use as therapeutic agents against bacterial pathogens, bacteriophages also have the potential to be used for the rapid, specific, and sensitive detection of bacterial pathogens [279]. Their innate receptor specificity allows for the development of assays tailored to capture target bacteria, and their abundance in nature and ability to propagate within host cells provides increased sensitivity for assays using the “built-in” amplification system while also making them inexpensive and easy to produce [67]. While traditional culture-based detection remains the gold-standard for pathogen detection, these techniques are labor- and time-intensive, requiring 3–5 days for accurate results to be obtained [280]. Alternatively, bacteriophage-based detection allows for the more rapid detection of pathogens as the entire infection process only takes 1–2 h [67].



While the notion of using bacteriophages for the detection of bacterial pathogens has been examined throughout the past several decades, few examples of commercially available phage-based diagnostic tests have materialized. This can be attributed to the lack of sufficient knowledge on phage biology and genetic structure [67], in addition to the lack of protocols which ensure proper sensitivity, stability, and reproducibility required for phage-based detections methods to be successful [281]. Nonetheless, recent developments and extensive research have the potential to yield significant advantages for the improved sensitivity, specificity, and rapidity of phage-based detection methods [282]; paving the path for the increased impact of these methods and a move away from culture-based detection techniques [283]. Phage-based detection methods have been characterized in relation to their mechanism of action, with infection-based and capture-based detection methods being most prevalent [281], as briefly highlighted below.



6.1. Infection-Based Detection


Infection-based detection utilizes the phage genome integration step during the lysogenic phage life cycle and rapid progression of the lytic cycle with the release of phage progeny or bacterial cell contents such as DNA, RNA, or bacterial proteins to be used as markers [281]. Lytic and lysogenic phages can be engineered to encode reporting elements to be used as markers, as is the case with luminescent, fluorescent, and colorimetric detection assays [284]. Upon host infection, the expression of reporter proteins such as fluorescent proteins, luciferases, and hydrolyzing enzymes aids in amplifying the detection signal with the addition of a substrate [285]. Reporter phages which have been engineered to exhibit bioluminescence upon infection of targeted bacterial hosts have been used for the detection of Staphylococcus aureus [286], Listeria monocytogenes [287], Salmonella spp. [288], and E. coli O157:H7 [289], among other bacterial pathogens [67]. Additionally, bacteriophages encoding green fluorescent protein have been used to detect both E. coli and Salmonella within the span of 1 h [290]. However, luminescent detection has been noted as being the most sensitive method of detection due to the lack of background bioluminescence within the majority of samples, in comparison to fluorescent detection which could potentially be inhibited by stronger autofluorescence signals originating from a sample [67]. In addition to the detection of targeted bacteria following phage-mediated infection and lysis, the inhibition or delay in bacterial growth may also be used for detection purposes [279]. By monitoring for changes or delays in the electrical properties of growth media, the presence of bacterial species of interest in light of the presence of infecting phages may be detected [279]. This was accomplished by Chang et al. 2002 through their identification of E. coli O157:H7 via incorporation of conductimetric measurement and phage AR1, yielding near 100% sensitivity and specificity [291]. Additionally, protocols for the combined use of bacteriophage D29; as capturing and lysing agent; and PCR for amplification of DNA have enabled the rapid and sensitive detection and identification of viable Mycobacterium paratuberculosis from clinical blood samples within 6 h, with a limit of detection of ≤10 cells/mL [292].




6.2. Capture-Based Detection


Capture-based detection employs the unique specificity of bacteriophages to utilize them as biosensors [281]. Capture-based techniques may utilize whole-phage particles or specific phage receptors as tag molecules, using their innate affinity to detect targeted pathogens without the need for phage infection [282]. The immobilization of phage virions enables them to be used as specific bioreceptors upon the detection of their binding to specific bacterial hosts [279,281]. One of the most common methods employed to detect the binding of whole phage particles is surface plasmon resonance, which has been used to detect methicillin-resistant S. aureus (MRSA) at levels of 103 CFU/mL while also being able to distinguish methicillin-sensitive S. aureus from MRSA [293]. Conversely, the use of phage components as opposed to whole-phage particles offers a variety of benefits, including enhanced binding activity due to smaller probe sizes, improved specificity and affinity through engineering, and heightened robustness [279]. Specialized receptor binding proteins (RBPs) from tail fibers and spikes have been used in the glycotyping and identification of Salmonella strains [294] and Listeria strains [295]. In addition, genetically engineered tail-spike proteins from Salmonella phage P22 were used to create a biosensor that was able to detect real-time interactions of Salmonella cells at concentrations of 103 CFU/mL [296]. Receptor binding proteins have also been used in the detection of Campylobacter jejuni and Campylobacter coli, with produced assays exhibiting 100% specificity to both pathogens, and 95% sensitivity for C. jejuni and 90% sensitivity for C. coli [297]. Moreover, labelled cell wall binding domains (CBDs), sourced from phage endolysin enzymes, have also been used and proven effective in the capture and detection of various Gram-positive bacterial pathogens such as Listeria monocytogenes, Bacillus cereus, and Clostridium perfringens [282]. They have exhibited remarkable versatility, with their binding spectra being observed to be broader than the host ranges of corresponding phages [298], to displaying specificity at the serovar or strain level in the case of studied Listeria CBDs [299,300].





7. Future Perspectives and Applications of Bacteriophages in the Fight against Antimicrobial Resistance


While phage therapy suffered from a lack of support throughout the late 20th century due to the insufficient understanding of bacteriophage biology, current hurdles are primarily limited by knowledge of industrial applications and associated limits in regulatory approval and availability [301]. With phage research continuing to focus on interactions among infecting bacteriophages and their bacterial hosts, artificially inoculated samples and experimental conditions in pre-clinical and biocontrol studies may lack the ability to reflect real-world scenarios [67,302]. Thus, the examination of the safety and efficacy of bacteriophages in the form of clinical trials, field trials, and phage–host interaction studies is urgently needed in order for phage therapy to be considered as a viable tool to combat antibacterial resistance. As studies have previously considered the importance of phage–host interactions [303] and the topic has received more attention recently [304,305,306], the growing understanding of underlying bacteriophage mechanisms may provide key insight into how they may be applied in more complex environments. Moreover, advances in genome sequencing and bioinformatic prediction programs have enabled phages to be more thoroughly screened to minimize drawbacks associated with the transduction of undesired factors [177]. While phages have traditionally been screened in terms of plaque morphology, this may lead to non-definitive results in relation to their reproductive cycle [177]. As such, the use of genome sequencing in recent years has increased as a result of cost-effective ability to simultaneously screen for multiple properties such as integration/excision genes, toxin/resistance genes, and transduction potential [307,308]. This will enable for therapeutic phages to be screened more effectively, aiding both their utility and minimizing associated costs.



Improvements in computational biology and sequencing technologies have also furthered understanding in relation to the diversity and complexity of the bacteriophage community (phageome). While phages have been found to be ubiquitous in a variety of natural environments, with estimates of their presence in the range of 1031 viral particles across the biosphere [65], the form and function of the collective phageome as part of the human gut microbiome has been of particular interest recently. Estimates have shown that nearly 108–1010 viral particles may exist per gram of human feces, and of phages outnumbering bacteria by a factor of 20 to 1 [309]. As the viral component of the human microbiome is presumed to be dominated by bacteriophages [310], temperate phages are believed to play a key role in shaping the bacterial community through horizontal gene transfer [311]. The sheer presence and diversity of available bacteriophages has allowed for disease-specific alterations to the phageome to be observed in relation to a number of gastrointestinal and systemic disorders, including inflammatory bowel disease [312], AIDS [313], malnutrition [314], and childhood obesity [315]. Nonetheless, the human gut phageome remains an area with plenty of “dark matter” yet to be recognized in comparison to the better understood phage marine ecosystems [309]. The growing body of knowledge regarding the human gut phageome will undoubtedly ignite more phageome studies of food production and processing environments and apply this information to improve food safety spanning the “farm to fork” model.



As research involving bacteriophages has progressed, interest regarding the underlying intricacies of the bacterial viruses has grown, including the utilization of specific phage components or mechanisms, as well as exploiting potential crossover with emerging synthetic biology practices. The ability to create/adapt specialized phages through novel phage engineering techniques allows for various improvements on existing phages to be carried through, including host range expansion and improving phage antibacterial properties [316]. Tail fiber proteins and adsorption structures have been the target of modifications as a means to overcome some of the limitations associated with the intrinsically narrow host ranges of bacteriophages [316]. For example, the identification of a hybrid T3/T7 phage displaying improved adsorption efficiency compared to both individual T3 and T7 phages provides promising prospect in regard to exploiting the natural diversity of phages [317]. In addition, Dunne et al. 2019 were able to extend the host range of Listeria phage PSA to target a variety of Listeria serovars through the alteration of receptor-binding proteins (RBP), from targeting only the SV 4b RBP domain to targeting SVs 4a, 4b, 4d, and 5 [318]. Moreover, specific phage-derived proteins have been investigated as possible alternatives to whole phage applications, aiding to overcome some of their associated disadvantages such as the previously discussed phage resistance development. Phage endolysins have been one of the most examined phage-encoded enzymes, owing to their essential role in mediating the release of phage progeny during the final stages of the phage life cycle, which in turn may be exploited to aid in the lysis and death of selected bacteria [319,320]. For example, endolysins such as LysIME-EF1 have exhibited efficient antibacterial activity against multiple strains of Enterococcus faecalis [321], while the endolysin Ts2631 of phage vB_Tsc2631 has been proposed as a model for future antimicrobial agents due to its intrinsic bactericidal activity and uncommon thermal stability [322]. Additionally, endolysin LysMK34 of phage PMK34 has exhibited intrinsic antibacterial activity up to 2.4 and 4.8 log reductions in Pseudomonas aeruginosa and Acinetobacter baumannii, as well as aiding to resensitize colistin-resistant bacterial strains [323]. The application of endolysins has focused on their utility against Gram-positive bacteria due to the lack of an outer membrane barrier which can prevent access to the peptidoglycan, which has thus limited their use against Gram-negative counterparts [324]. Thus, Briers et al. 2014 sought to fuse lipopolysaccharide (LPS)-destabilizing proteins to endolysin PVP-SE1gp146 to generate Artilysins, which harness various physicochemical properties (hydrophobic, amphipathic, or cationic) to act as highly effective outer-membrane penetrating bactericidal agents (4–5 log reductions) against common Gram-negative pathogens such as Pseudomonas aeruginosa and Acinetobacter baumannii [325]. Additionally, Zampara et al. 2018 engineered innolysins by combining receptor binding proteins (RBPs) with candidate phages, such as RBP Pb5 with phage T5, which were able to overcome the outer membrane barrier and led to observed inhibitory effects on E. coli ATCC11303 and reductions in the number of bacteria by 1 log [326]. In addition to phage enzyme-based antimicrobials and phage therapy, advancements in genome-driven screening, annotation, and interaction modelling have improved our understanding of hypothetical proteins with once unknown function. These small and early genes have been targeted for their potential as novel polypeptides with bactericidal properties [327]. Phage-based hijacking proteins and mechanisms may be suitable in either uncovering new targets for existing antibacterial agents or for novel antimicrobials altogether [327]. Furthermore, while current studies exploring phage-based therapeutics may focus on a traditional approach in directly killing bacterial cells or inhibiting their growth, new phage-based antivirulence strategies may aim to disarm bacterial pathogens and render them less virulent or more susceptible to other avenues of removal [244]. For example, while phage cocktails, phage engineering, and combination therapies involving phages and antibiotics may be used to reduce occurrences of phage resistance; an evolutionary trade-off may be harnessed by using phage resistance itself as part of the therapeutic strategy to increase the sensitivity of targeted bacteria to antimicrobials or the immune system [244].




8. Conclusions


In this review, we discussed the role which bacteriophages play in the horizontal gene transfer of genes associated with antimicrobial resistance and virulence, in addition to some of the applications and uses which bacteriophages are being studied for. The diversity and innate specificity of whole phage particles and phage components, coupled with the enormous presence of phages within different environments [77], means that bacteriophages have great potential to be considered as emerging tools in therapy, biocontrol, and detection. Improved understanding of their remarkable specificity can also enable greater care in selecting correct bacteriophages for use during critical moments, in which they can have the most positive effect. Phage research has attracted considerable attention recently to alleviate impacts associated with the emergence of antimicrobial resistance in pathogenic bacteria, and the regulatory approval and commercialization of several phage-based products is a positive sign for this rapidly evolving field [249,328,329,330].



Considerable understanding of the mechanisms and genetics behind bacteriophage transduction is needed in order to reduce its impacts and can lead to greater interpretation of its roles and implications both within the natural environment and on its potential in regard to therapeutic phages. Advances in genome sequencing technologies and metagenomics, including the emergence of the field of transductomics [331], have the potential to aid in the proactive prediction of gene transfer potential and of improving our understanding surrounding viral dark matter. Meanwhile, improvements on existing bacteriophage isolation, characterization, preparation, and delivery protocols can ensure that such antibacterial agents are safe and effective, with minimal transduction potential. Furthermore, continued examination of phage–host interactions can aid in overcoming associated challenges with phage-based biocontrol and therapy and lead to the optimization of such treatments. The roles and impact of phages on bacterial hosts and the microbial community to which they are introduced are yet to be fully understood and should be an important prerequisite to their wide-scale acceptance and implementation.



Currently, research involving bacteriophages seems to be mostly restricted to academic environments, with interest appearing to be lacking across industrial partners amid fears of steep costs over profitability [332]. While bacteriophages are not the magic bullet to be considered as complete alternatives or replacements of traditional antibacterial agents such as antibiotics, promising results continue to be found in regard to combination therapies and as additions to the hurdle technology system throughout the food production and processing chain. However, as our understanding of the ubiquitous bacterial viruses expands, their role continues to evolve, and our appreciation for these ancient organisms and their storied histories grows, from their initial examination as research organisms to potentially necessary agents in the fight against rising antimicrobial resistance. Therefore, the most exciting aspect of bacteriophages and their numerous applications and potential benefits lies not within their storied past, but within the boundless future they offer.
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Figure 1. Bacteriophages and the Antimicrobial Resistance Crisis: Friend or Foe? An overview of various phage-based applications and examples that display the potential benefit and “friend” aspect of bacteriophages (left, green background side) in combatting antimicrobial resistant bacterial strains, as well as some potentially detrimental or negatively associated outcomes that can contribute to the “foe” aspect of phage-based use (right, red background side) and their role in the acquisition, maintenance, and dissemination of antibacterial resistance genes. 






Figure 1. Bacteriophages and the Antimicrobial Resistance Crisis: Friend or Foe? An overview of various phage-based applications and examples that display the potential benefit and “friend” aspect of bacteriophages (left, green background side) in combatting antimicrobial resistant bacterial strains, as well as some potentially detrimental or negatively associated outcomes that can contribute to the “foe” aspect of phage-based use (right, red background side) and their role in the acquisition, maintenance, and dissemination of antibacterial resistance genes.



[image: Pharmaceuticals 14 00199 g001]







[image: Pharmaceuticals 14 00199 g002 550] 





Figure 2. Bacteriophage-mediated transduction. Simplified depiction of generalized (a), specialized (b), and lateral transduction (c). Viral genome is represented in red while the bacterial genome is represented in blue. Note the varying presence of viral and bacterial genetic material differing across the three mechanisms of phage-mediated transduction. Adapted from [98]. 
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