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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.

bacteriophage  phage therapy  antibiotic resistance

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 .

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 . 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 .

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.
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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 . Their

ability and potential efficacy to be used against bacteria in both planktonic and biofilm settings provide another

reason for their continued examination . 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 (Figure 1).

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.

2. 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 . 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

[4][5]

[6]

[7]



Bacteriophages | Encyclopedia.pub

https://encyclopedia.pub/entry/8338 3/9

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 . 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 . 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 .

Moreover, since a high number of therapeutic phages ( at least 1 × 10  plaque-forming units (PFU)/mL) must be

used in order to ensure sufficient contact and rapid infection of targeted cells , 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 . 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 . 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 , using phage cocktails, where phages of different

specificities are utilized in therapeutic applications, is recommended . 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 . 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 . 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 . 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 . Phage cocktails have also been reported to be

economically advantageous in comparison to the “personalized medicine” approach of other phage therapy

treatments . 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 . 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 . 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 . 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
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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 . For example,

Kering et al. 2020 were able to induce improved thermal stability of phages at elevated temperatures without

affecting their lytic activity . Effective methods for the rapid enhancement of additional, desired characteristics

among selected phages continue to be developed as well .

3. 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 . 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 . 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 . Alternatively, bacteriophage-based detection allows for the more rapid

detection of pathogens as the entire infection process only takes 1–2 h .

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 , in addition to

the lack of protocols which ensure proper sensitivity, stability, and reproducibility required for phage-based

detections methods to be successful . 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 ; paving the path for the increased impact of these methods and a move away from culture-

based detection techniques . 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 , as

briefly highlighted below.

3.1. 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 . 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

. 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 . Reporter phages

which have been engineered to exhibit bioluminescence upon infection of targeted bacterial hosts have been used

for the detection of Staphylococcus aureus , Listeria monocytogenes , Salmonella spp. , and E. coli

O157:H7 , among other bacterial pathogens . Additionally, bacteriophages encoding green fluorescent protein

have been used to detect both E. coli and Salmonella within the span of 1 h . However, luminescent detection
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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 . 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 . 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 . 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 . 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 .

3.2. Capture-Based Detection

Capture-based detection employs the unique specificity of bacteriophages to utilize them as biosensors .

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 . The immobilization of

phage virions enables them to be used as specific bioreceptors upon the detection of their binding to specific

bacterial hosts . 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

10  CFU/mL while also being able to distinguish methicillin-sensitive S. aureus from MRSA . 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 . Specialized receptor binding proteins (RBPs) from tail fibers and spikes have been used in the

glycotyping and identification of Salmonella strains  and Listeria strains . 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 10  CFU/mL . 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 . 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 . They have exhibited remarkable versatility, with

their binding spectra being observed to be broader than the host ranges of corresponding phages , to displaying

specificity at the serovar or strain level in the case of studied Listeria CBDs .
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