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Abstract: Bacteriophages, or phages, are microscopic viruses that specifically infect and replicate
within bacterial hosts. Their unique ability to target and control bacterial populations makes them
valuable tools with applications ranging from human medicine and agriculture and environmental
management to biotechnology. In this comprehensive review, we explore the diverse and promising
medical and non-medical applications of bacteriophages, highlighting their pivotal role across various
niches. From safeguarding food production through pathogen control to their innovative utilization
in wastewater treatment, bacteriophages prove to be versatile agents. To achieve applications of
phages on a larger scale, it is necessary to make the legal framework more suitable and flexible,
create special approval programs (e.g., for novel antimicrobial drugs), and promote targeted research
and development activities on phages. Additionally, a more intensive exchange between academia,
industry, regulatory authorities, and stakeholders in the health system should be pursued.
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1. Bacteriophage Applications in Medicine

Bacteriophages or “phages” are viruses that kill bacteria and are usually used in the
treatment of bacterial infections (Figure 1). Phages are a potent, promising, possible solution
to the antibiotic-resistant epidemic (half a million people die every year from multidrug-
resistant (MDR) bacteria, and 10 million are expected by 2050). In 1896, Ernest Hanbury
Hankin, a microbiologist from England working as a Chemical Inspector and Bacteriologist
for the Government of the United Provinces and the Central Provinces of India, found an
idiopathic agent that possessed a high killing activity against Vibrio cholera and decreased its
spread [1]. In 1900, Gamaleya confirmed this observation against Bacillus subtilis. In 1915, the
British microbiologist Frederick Twort observed a plaque determined by lysis in the culture
of Staphylococcus that appeared many times with different strains. The first article published
confirming the presence of phage was by Twort in The Lancet, raising the hypothesis that it is
a virus agent [2]. In 1917, two years later, the French-Canadian bacteriologist Felix d"Herelle,
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who investigated the outbreak of hemorrhagic dysentery in France, observed a plaque similar
to that described by Twort, which he named lysis plates [3,4]. For the first time, he studied the
characterization of this unidentified agent and confirmed that it is an obligate parasite that has
the ability to invade bacteria, thus naming it bacteriophages [5]. Since then, many phages have
been identified against harmful bacteria such as Escherichia coli, Salmonella typhi, Vibrio cholera,
Pasteurella multocida, Yersinia pestis, Streptococcus species, Neisseria meningitides and Pseudomonas
aeruginosa [6]. In 1923, The International Bacteriophage Institute was established in Tbilisi,
Georgia. During World War II, the Soviet Union and Eastern Europe had restricted stock of
antibiotics and, accordingly, enhanced the development of phage therapy. The practice of
phage therapy in the Soviet Union has been well advised and is still widely used in Russia
and Eastern European countries for more than 80 years [7]. During the 1920s and 1930s, Soviet
scientists made significant contributions to the understanding and application of phages
in therapeutic settings. Félix d'Hérelle played a crucial role in advancing phage therapy
and collaborated with Soviet scientists during this period. D'Hérelle conducted research
in the Soviet Union and established close ties with Soviet scientists, including renowned
microbiologist Giorgi Eliava [8]. Together, they recognized the potential of bacteriophages as
a tool to combat bacterial infections. Soviet scientists have conducted extensive studies on
phages and their applications. They have recognized the diverse nature of bacteriophages,
with each type being specific to certain bacteria, and this specificity became a key aspect of
phage therapy. Researchers isolated and characterized numerous bacteriophages, building a
foundation of knowledge on their behavior and effectiveness against various bacterial strains.
In 1950 and after, bacteriophages were tools in molecular biology, and some institutions
developed programs for the treatment of patients with phages and supportive therapy [9]. In
addition to laboratory studies, in 1980, Soviet researchers conducted clinical trials to evaluate
the therapeutic potential of phage therapy. They treated patients with bacterial infections
using bacteriophage preparations and observed encouraging results. The success of these
early trials further fueled the interest in phage therapy and spurred its widespread use within
the Soviet Union. [10]. After the dissolution of the Soviet Union in 1991, the history of phage
therapy in the newly independent states took a different trajectory. The early 1990s marked
a period of transition and uncertainty in the newly independent states. The dissolution of
the Soviet Union led to economic challenges, including funding shortages and a decline
in scientific infrastructure. Consequently, phage therapy research and development faced
significant obstacles during this time. From 2000 to 2005, phage therapy research regained
force, with a focus on evaluating its effectiveness in clinical trials and exploring potential
applications. Collaborations with international researchers and institutions helped sustain
and advance phage therapy research. The recognition of the global threat posed by antibiotic
resistance led to increased international interest in phage therapy, prompting collaborations
and knowledge sharing between researchers worldwide [11].
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Figure 1. History of bacteriophages.
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The use of phages as antimicrobial agents is one of the key areas of interest in phage ap-
plications, especially given the global issue of antibiotic resistance affecting human, animal,
and environmental health [12-14]. Since the early 2000s, bacteriophages have garnered
renewed attention from researchers, physicians, patients, and emerging biotechnology
companies for treating infections that poorly respond to antibiotics. Bacterial infections are
often caused by multiple pathogens or strains in a patient-specific composition. Therefore,
to address potential bacterial phage resistance, effective phage preparations must contain
mixtures of different phages (phage cocktails) or be individually tailored for each patient.
Hence, phage therapy comprises two basic approaches: (1) off-the-shelf treatments, which
use pre-defined phage preparations available for specific indications; and (2) personal-
ized therapies, which involve phage preparations specifically tailored to patients or their
pathogen strains, using phages from specialized phage collections (phage biobanks) or
newly isolated phages.

Theoretically, phage therapy offers many potential advantages over traditional an-
tibiotics. Unlike bacteriostatic antibiotics, which permit the development of antibiotic
resistance, lytic phages are bactericidal and completely lyse bacterial cells as part of their
life cycle [15]. Phages attack crucial cellular processes such as DNA transcription and
translation, making it difficult for bacteria to develop resistance [16]. Furthermore, phages
co-evolve with their bacterial hosts, enabling them to infect even phage-resistant bacteria,
unlike traditional antibiotics. Phages also maintain the normal microbiome balance, unlike
broad-spectrum antibiotics that can disrupt the body’s protective normal flora. Phages’
specificity to particular bacterial species or strains makes them ideal for targeting pathogens
selectively [17]. Additionally, the discovery of new antibiotics has slowed, whereas the
identification of new bacteriophages has accelerated due to their vast biodiversity in various
niches. Despite these benefits, some limitations of phage therapy compared to traditional
antibiotics need to be addressed before its widespread acceptance in clinical use (Figure 2).
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Figure 2. The advantages (blue) and disadvantages (red) of bacteriophages versus traditional
antibiotics.
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In fact, “the enemy of my enemy is my friend” actually describes the bacteriophage
lytic cycle. Phages have been used in medicine since 1919 to treat Shigella dysenteriae,
ten years before the discovery of the first antibiotic, “Penicillin” [8,18]. Despite more
than a century of diverse studies on phage applications, our understanding of phages
and their derived agents remains incomplete. Despite their potential, the widespread
acceptance of phages within both modern medical and non-medical approaches has yet to
emerge. Notable exceptions can be observed in Georgia, Poland, and Russia, where phage
therapy has been employed for an extended period [19]. Given the extensive exploration
of therapeutic phage applications, in the following sections, our review aims to provide a
comprehensive overview of the recent literature focusing on applications of bacteriophages
beyond medicine (Figure 3).
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Figure 3. Applications of bacteriophages in non-medical areas.

2. Bacteriophage Applications in Food Industry

Phages have proven effective in combating bacterial threats throughout the entire food
production chain. Beyond their role in preventing and treating diseases in animals and plants,
phages play a crucial role in detecting and impeding the growth of foodborne pathogens
during and after food processing. One notable application involves the engineering of reporter
phages, enabling the bioluminescence-based detection of the foodborne pathogen Listeria
monocytogenes in items like contaminated milk, cold cuts, and lettuce. To enhance food safety,
phage solutions can be applied by dipping or spraying, designed to eliminate common
pathogens that may contaminate various food products. This method of phage biocontrol has
achieved significant commercial success in the food industry. Numerous products are now
available on the market specifically formulated to combat bacteria such as Salmonella, E. coli,
L. monocytogenes, and others. Moreover, phages find application in sterilizing surfaces within
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food processing facilities. Areas prone to bacterial contamination, such as conveyor belts and
food transport racks, can be effectively sanitized using phage-based methods, contributing to
the overall hygiene and safety of food production processes.

Various studies have demonstrated that the direct application of lytic phages to
ready-to-use food can significantly decrease the presence of potentially harmful foodborne
bacteria. For instance, when lytic phages were administered to chicken skin previously
contaminated with Campylobacter jejuni or Salmonella enterica serovar Enteritidis, there
was a notable increase in phage titers, resulting in a substantial reduction in the bacterial
load of these pathogens by less than 1-2 log!? unit [20]. In a different study, a cocktail of
virulent phages targeting Salmonella flexneri, Salmonella dysenteriae, and Salmonella sonnei
effectively minimized the risk of Shigella spp. contamination in ready-to-eat spiced chicken
products [21]. The impactful results from these studies have led to the approval of various
phages for the decontamination of food products. Notably, the U.S. Food and Drug
Administration (FDA) has approved a blend of six phages, known as ListShield™ -LMP-
102™ and developed by Intralytix Inc. in Columbia, IN, USA, as a food additive. This
approval specifically targets ready-to-eat poultry and meat products, aiming to control
contaminations caused by Listeria monocytogenes [22]. Several other comparable products
are currently available, further highlighting the expanding use of phages in the food
industry. EcoShield comprises three lytic phages specifically targeting E. coli O157:H7.
Additionally, SALMONELEX, created by Micreos Food Safety in Wageningen, Netherlands,
is designed to target Salmonella spp. in food products. Another product, Listex P100, also
from Micreos Food Safety, Wageningen, Netherlands, features a single phage targeting
L. monocytogenes [23].

The formation of microbiological biofilms on equipment surfaces poses a significant
challenge in food production. Bacterial biofilms are characterized by the aggregation of
cells surrounded by a self-produced matrix of extracellular polymeric substances, adhering
to both living and non-living surfaces. Cells within biofilms exhibit high resistance to
adverse environmental conditions, antibiotics, and disinfectants. In the fresh produce
sector, pathogens like L. monocytogenes, Salmonella, E. coli, and Yersinia can adhere to plant
tissues, forming robust biofilms [24,25]. The intrinsic structure of vegetables hinders the
effectiveness of sanitizers against these microorganisms, necessitating the development
of solutions harmless to humans yet capable of eliminating biofilms on plant tissues.
Bacteriophages offer promising potential for the creation of safe sanitizers. For instance,
C. jejuni, a pathogenic bacterium known to form biofilms on commonly used industrial
materials like polyvinyl chloride and stainless steel, was targeted using lytic bacteriophages
CP8 and CP30. Isolated from poultry excreta, these phages were applied to prevent the
formation of C. jejuni biofilms on glass Petri plates, resulting in a significant reduction of
1.0-3.0 log CFU/cm? in the viable count just 24 h after infection [26]. L. monocytogenes
demonstrates the ability to form biofilms on various surfaces within food production
settings, including conveyor belts, floor drains, stainless steel equipment, and product
transportation racks. In a previous study, ListShield'™, a mixture of six lytic phages
targeting L. monocytogenes, effectively removed 72 h biofilms formed on stainless steel
surfaces by most of the tested strains after four hours of treatment at 12 °C [27]. Additionally,
Soni et al. demonstrated ListShield™’s efficacy on fresh channel catfish fillets, achieving a
reduction in L. monocytogenes of between 1.4 and 2.0 log CFU/g at temperatures of 4 °C,
10 °C, and 22 °C [28].

The regulatory status of phage uses in food safety lacks global standardization, and
several factors contribute to the varying regulatory landscapes across different countries.
One significant influence is the presence of Novel Food Regulations in many authorities.
These regulations control the approval and use of novel food ingredients, potentially
encompassing phages. The primary goal is to ensure the safety and accurate labeling
of new or unconventional foods. Consequently, phages employed in food applications
may undergo a regulatory approval process to establish their safety and efficacy before
gaining permission for use. Another critical factor is the emphasis on Risk Assessment
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and Safety Evaluation. Regulatory authorities typically demand a thorough evaluation of
novel food ingredients, including phages. This assessment entails scrutinizing potential
adverse effects on human health, exploring the likelihood of gene transfer or antibiotic
resistance development, and evaluating the stability and persistence of bacteriophages in
the food environment. Additionally, regulatory authorities often require transparent and
precise labeling of foods treated with phages. This includes information on the presence of
phages, their specific targets, and any necessary handling or storage instructions. Moreover,
the regulatory landscape is significantly influenced by country-specific regulations. Each
nation maintains its regulatory framework for food safety, incorporating guidelines for
novel ingredients like phages [22,29-31].

3. Bacteriophage Applications in Controlling Phytopathogens

Phytopathogens pose a significant threat to plants, encompassing various parasitic
plants, fungi, viruses, nematodes, and bacteria [32]. These pathogens exhibit high vir-
ulence, possess adaptability to changing environments, and are challenging to manage
effectively. Given their impact on plant health, efficient disease control management is
crucial to maintaining a stable and reliable food supply for consumers. In recent times,
the prohibition of certain control agents, such as pesticides and antibiotics, in Western
countries due to their undesirable toxic characteristics has necessitated the exploration of
alternative approaches [33]. A notable and growing interest in the field involves the use of
bacteriophages as biocontrol agents to address phytopathogens. The initial successful field
trial of bacteriophages dates back to 1935 when Stewart’s wilt disease caused by Pantoea
stewartia was effectively treated. In this trial, bacteriophages were introduced to combat a
highly virulent strain of Agrobacterium tumefaciens, leading to the complete inhibition of
bacterial activity [34,35].

Bacteriophages, with their diverse biocontrol capabilities, find extensive applications
in agriculture for safeguarding plants against various bacterial diseases. In a demonstration
of their efficacy as biocontrol agents, a phage cocktail consisting of approximately six
isolated bacteriophages targeting Pseudomonas syringae, the causative agent of bacterial
canker disease on kiwifruits, has been evaluated. The outcomes of this trial revealed
promising results, suggesting that the phage cocktail PHB09 holds significant potential
as a therapeutic cure for bacterial canker disease [36]. Additionally, Liu et al. isolated
and characterized two novel bacteriophages targeting Xanthomonas oryzae, the causative
agent of bacterial leaf blight disease in rice [37]. Bacteriophages employed for biocontrol in
agriculture must exhibit environmental stability, demonstrating resilience against factors
such as UV radiation, temperature variations, and chemical agents. Additionally, they
must possess lytic characteristics [38]. Agriphage, a phage-based product developed by the
approved U.S. company Omnilytics, serves as an effective tool in controlling bacterial spot
diseases affecting peppers and tomatoes [39]. Several bacteriophage enzymes, including
®Xo0411 and Lys411, have been isolated due to their demonstrated lytic activity against
the pathogenic bacterium Xanthomonas [40]. The experimental trial showcased remarkable
results, with fruits treated with the phage suspension displaying a 92% survival rate and
no signs of disease development. RSL1, a phage targeting Ralstonia solanacearum, has
displayed remarkable resilience to high temperatures (37-50 °C). In practical applications,
tomato plants infected with R. solanacearum exhibited wilting symptoms within four days
of infection. However, when exposed to phage ¢RSL1, these plants showed no signs of
wilting. The phage effectively prevented the characteristic wilting pattern by limiting the
growth of R. solanacearum cells [41]. Phages have found application in field conditions and
greenhouses for effective disease control. In the case of R. solanacearum, phages were directly
applied to the rhizosphere through soil drenching, demonstrating efficacy in suppressing
the development of wilting in tomato plants. For soil-borne pathogens such as Xanthomonas
euvesicatoria, X. campestris pv. campestris, and Pectobacterium carotovorum subsp. carotovorum,
a foliar spraying method was employed to mitigate disease incidence in plants caused by
these pathogens [42].
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To enhance the host range and overcome limitations associated with a single bacterio-
phage, formulations of phages are often prepared into a bacteriophage cocktail combining
multiple phages [43]. This strategy proves effective in compensating for host range con-
straints and significantly reduces the likelihood of the development of phage-resistant
bacteria, such as phage control against pathogens like P. syringae [44]. While bacteriophage
cocktails demonstrate promise, there remains a need for further research in the agricultural
domain to fully realize and implement the role of bacteriophages on a global scale. In the
propagation of crops, the stability of phage cocktails is dependent on the phages’ resistance
to adverse environmental factors, highlighting the importance of continued investigation
and refinement in this field.

4. Bacteriophage Applications for Pest Control

The application of bacteriophages to combat bacterial diseases in agriculture is gaining
potential as a safe and effective alternative to traditional antibiotics. Beyond their con-
ventional role in targeting bacteria harmful to crops, the application of phages becomes
broader in weakening or eradicating certain insect pests that rely on their microbiome for
essential physiological functions. Insects like aphids could be vulnerable to this approach.
Similarly, symbiotic relationships in pests like termites, flies, mosquitoes, and roaches open
new possibilities. Importantly, recent research showcased the potential of phages to remove
a significant portion of Pseudomonas aeruginosa in the gut of Musca domestica, leading to pro-
found changes in the flies’ gut microbiome and disrupting their normal development [45].
The adult mosquito microbiota primarily stems from the larval microbiota, connected to
the water habitat’s microbial composition. Disturbing the microbiota of mosquito larvae
holds promise for influencing mosquito biology. Recent experimentation demonstrated the
modulation of Anopheles larvae microbiota using bacteriophages in their water habitat.
Gnotobiotic Anopheles larvae, hosting Enterobacter, Pseudomonas, Serratia, and Asaia, experi-
enced reduced survival and larval development when phages targeting Enterobacter and
Pseudomonas were introduced into the larval water. Moreover, a synergistic effect was
observed when both phages were simultaneously applied [46].

5. Bacteriophage Applications for Water Treatment

Bacteria are pivotal in wastewater treatment plants, playing a crucial role in the
biological conversion of nutrients [47]. While essential, certain bacterial species can be-
come problematic, instigating competition with organisms responsible for conversion
and removal processes and thereby detrimentally impacting the overall treatment pro-
cess. Bacteriophages have emerged as a potential solution to addressing environmental
challenges associated with wastewater treatment. Their applications include mitigating
issues like foam formation induced by microorganisms and enhancing the dewaterability
and digestibility of post-aerobic processes, thereby increasing substrate availability for
subsequent anaerobic treatment [48-50]. Phages also contribute to combating pathogenic
bacteria and regulate competition between undesirable bacterial species and functionally
important microbial populations in wastewater systems [47,49].

In a study, four bacteriophages isolated from an activated sludge system were com-
bined to create a cocktail. This cocktail significantly reduced the abundance of the genus
Gordonia, improving the wastewater treatment process tenfold compared to untreated
reactors [51]. Additionally, another phage, GTE?, isolated from an Australian wastewater
plant demonstrated polyvalent characteristics by causing the lysis of three species of Gordo-
nia and two species of Nocardia among 65 strains of mycolic acid-producing bacteria [52].
The bacteriophage SnaR1, sourced from a wastewater treatment plant, was isolated to
control Sphaerotilus natans, a filamentous bacterium known for its detrimental effects. With
different multiplicities of infection of SnaR1, including an MOI of 10, there was a notable
83% reduction in the growth of S. natans DSM 6575 after 24 h of infection [53].

Certain bacteria, including Vibrio, E. coli, Shigella, and Salmonella, pose significant risks
to human health, making their control a top priority. A study has highlighted the potential
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of polyvalent bacteriophages introduced into an activated sludge system to thrive and effec-
tively suppress multidrug-resistant E. coli NDM-1-producing strains [54]. Importantly, this
intervention did not disturb the overall population of heterotrophic bacteria. Additionally,
bacteriophage AS1 isolated from sewage wastewater exhibited lytic activity against E. coli
52 [55]. Three other distinct bacteriophages—sww65, sww275, and sww297—isolated from
wastewater demonstrated promising results in reducing Salmonella and other members
of the Enterobacteriaceae family, both in vitro and within wastewater systems [56]. While
the study and utilization of bacteriophages in wastewater treatment systems have become
increasingly prominent, challenges persist in accurately determining bacteriophage in-
fections outside laboratory conditions. The complexity of microbiota within biological
treatment systems encompassing numerous potential hosts presents difficulties, as it may
not precisely mirror the in vitro environment reproduced in a controlled setting. This
complexity hinders the straightforward application and assessment of bacteriophages in
real-world wastewater treatment scenarios.

6. Bacteriophage Applications in Aquaculture

Aquaculture and fish food production constitute a rapidly expanding sector in the
global food industry. As reported by the Food and Agriculture Organization (FAO), global
fish production surged to 179 million tons in 2018, with a remarkable 500% increase in
fish food production over the last 30 years [57]. This substantial growth underscores
the significant role of aquaculture in meeting the demand for fish and seafood products
worldwide. Diseases originating from bacteria represent a primary cause of elevated fish
mortality and substantial economic losses in aquaculture. Traditionally, antibiotics have
been the primary choice for therapeutic and prophylactic purposes in aquaculture [58].
However, bacteriophages emerge as a promising alternative for controlling pathogenic
bacteria in this setting. The effectiveness of phages as biocontrol agents in aquaculture has
been demonstrated through various application methods, including direct introduction into
water, oral administration through food, and injection. The utilization of phages instead of
antibiotics has been extensively reported for eliminating pathogenic bacteria like Vibrio,
Pseudomonas, Aeromonas, and Flavobacterium. In recent times, numerous successful instances
of phage therapy for both preventive and therapeutic purposes in aquaculture have been
documented. Notably, Phage VPpl and A3S, along with Vpmsl, effectively managed V.
parahaemolyticus in oysters and shrimp [59]. Additionally, studies have showcased the
efficacy of phage PLgY-16 in mitigating lactococcosis in yellowtail (Seriola quinqueradiata)
infected with L. garvieae, administered either orally or intraperitoneally. Another example
is the use of phage PPpW-4, delivered through fish feed, to combat bacterial hemorrhagic
ascites disease in ayu fish (Plecoglossus altivelis) caused by P. plecoglossicida [60]. In the
context of Flavobacterium psychrophilum, the Gram-negative bacterium responsible for bacte-
rial cold-water disease in salmonid species, studies have demonstrated the effectiveness of
phages such as PSV-D22 in treating infections in live fish eggs [61]. Additionally, infectious
diseases in aquaculture caused by Vibrio genus bacteria have exhibited susceptibility to
phage biocontrol. The application of phages in treating Penaeus monodon larvae infected
with V. harveyi resulted in a noteworthy 85% survival rate, surpassing the 65-68% survival
observed following antibiotic treatment [60]. Phages targeting specific bacterial strains
such as Vibrio sp. Va-F3 [62], Vibrio coralliilyticus [63], Vibrio alginolyticus [64], P. aerugi-
nosa [65], Aeromonas hydrophila [66], and Flavobacterium columnare [67], along with other fish
pathogens, have been applied.

Despite significant progress in laboratory research, the practical application of phage
therapy in aquaculture faces several challenges that need to be addressed. The complexity
of application scenarios necessitates customized approaches for key parameters in phage
therapy, including phage selection, dose, and administration method. However, compre-
hensive systematic reviews and analyses of these aspects are currently lacking. Additionally,
limited attention has been given to exploring the implications of phage therapy in aqua-
culture on environmental health, food safety, and techno-economic practicability in the
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existing literature. These gaps highlight the need for further research and comprehensive
assessments to bridge the knowledge and implementation gaps in the practical application
of phage therapy in aquaculture.

7. Bacteriophage Applications as Environmental Sanitizers

Hospital-acquired infections pose a significant threat to patient well-being and con-
tribute to increased morbidity and mortality within healthcare facilities, with a close link to
the escalating challenge of antimicrobial resistance [68]. Surfaces in hospitals consistently
harbor various bacteria, creating a serious risk of transmission and patient colonization and
further causing hospital-acquired infections. Among these microorganisms are methicillin-
resistant Staphylococcus aureus, P. aeruginosa, and E. coli strains [69,70]. Bacteriophages are
suggested as a category of bio-sanitizer owing to several advantageous characteristics.
Notably, they exclusively target bacteria and can maintain viability for extended periods,
acting as a preventive measure against bacterial recontamination. Phages have low toxicity,
are environmentally friendly and non-corrosive, and do not alter food properties or emit
harmful or unpleasant odors. Therefore, they are considered safe for human consumption,
with no associated safety concerns related to oral ingestion [71].

The scientific literature offers numerous examples showcasing the beneficial impact of
phages on target bacteria present on surfaces relevant to food and health settings. These
studies provide evidence supporting the potential adoption of phage-based bio-sanitizers.
However, a closer examination reveals certain drawbacks when comparing phage-based
solutions to traditional chemical sanitizers. Notably, phage-based bio-sanitizers exhibit a
limited host range, exclusively affecting bacteria and lacking the broad-spectrum activity
necessary for inactivating nonbacterial microorganisms like fungi and viruses. Additionally,
concerns about the development of resistance are not unique to chemical sanitizers. Despite
proposed solutions to addressing resistance, their practical viability remains untested.
Furthermore, the majority of studies assessing phage-based bio-sanitizers have occurred
in controlled laboratory settings, underscoring the imperative for real-world testing to
ascertain their robustness and efficacy in practical sites.

8. Bacteriophage-Based Biotechnological Applications

Phage-based biotechnology applications encompass various innovative strategies,
contributing to advancements in diagnostics, molecular biology, and nanotechnology. The
specificity of phages, determined by receptor binding proteins (RBPs), plays a pivotal role
in targeting bacterial pathogens. A study elucidated the interaction between RBPs and
P. aeruginosa [72], paving the way for phage RBP-based detection systems, as demonstrated
in a Shigella detection [73]. Endolysins with cell-binding domains (CBDs) targeting Gram-
positive bacteria offer high specificity and are leveraged for bacterial diagnosis. Another
study exploited these CBDs in combination with phages to enhance sensitivity in detecting
viable Listeria cells [74]. Another application involves using phages to eliminate common
sample contaminations, thus improving target bacteria recovery and enhancing detection
accuracy, as seen in the removal of Enterococcus faecalis from vaginal samples [75].

Phage display, a potent technique enabling the display of foreign peptides/proteins
on phage surfaces, facilitates the identification of diagnostic biomarkers. A phage display
system was utilized to identify specific markers for tuberculosis detection, showcasing
high sensitivity and specificity [76]. Advancements in structural phage biology and display
technology give rise to landscape phages, contributing to the development of nanomaterials
with applications in bioscience, medicine, material science, and engineering. Phages
also serve as molecular biology tools, with newly developed phage-bacterium systems
functioning as molecular switches to study protein-DNA and protein—protein interactions
in living cells [77]. In the realm of nanotechnology, phages and their proteins prove valuable
in constructing highly ordered and self-assembling nanostructures, opening avenues for
diverse applications in the nanobiosciences [78].
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Bacteriophage-based vaccines are emerging as a potent alternative to traditional
vaccines, addressing limitations such as stability and immunogenicity. These vaccines
exploit the inherent properties of bacteriophages to improve antigen presentation and
immune response. There are three main types of phage-based vaccines: (1) Phage display
vaccines, where bacteriophages display antigens on their surface. Phages are genetically
engineered to express foreign antigens on their coat proteins. The displayed antigens can
then stimulate the immune system more effectively than free antigens. (2) Bacteriophage
DNA vaccines: In this strategy, bacteriophages are used as vectors to deliver DNA encoding
the antigen into host cells. Once inside the host cells, the DNA is expressed, and the
produced antigen stimulates an immune response. This method combines the benefits of
DNA vaccines, such as the ability to induce both humoral and cellular immunity, with the
stability and efficiency of phage delivery systems. (3) Hybrid phage vaccines, in which
a combination of phage display and DNA vaccines are used. These phages carry both
the displayed antigens and the genetic material encoding additional antigens. The use of
phages as antigen carriers offers several advantages, such as increased antigen stability
and preventing its degradation, ensuring a longer half-life in the bloodstream as well as
enhanced immune activation via the activation of T-helper cells. Overall, phage-based
vaccines represent a versatile and innovative approach to vaccination, potentially offering
more effective and durable protection against a wide range of diseases. With the emergence
of cutting-edge bioengineering tools and the vast reservoir of undiscovered phages and
phage proteins awaiting exploration, the future holds promise for an array of captivating
phage-based biotechnological applications.

9. Conclusions

In this review, we have explored the history of lytic phage therapy and its therapeutic
effects. Phages show significant potential for controlling bacteria-related infections. Despite
promising applications, challenges remain in translating phage therapy to clinical practice.
Continued research and development are essential to overcome these obstacles and fully
realize the potential of phage therapy in medicine. Additionally, the non-medical appli-
cations of bacteriophages reveal a promising landscape across agriculture, environmental
management, and biotechnology. From ensuring food safety to enhancing wastewater
treatment and contributing to advanced nanostructure construction, bacteriophages exhibit
remarkable adaptability. The future of phages holds exciting prospects for innovative and
sustainable solutions in diverse non-medical domains. As bioengineering tools continue to
advance, we anticipate more breakthroughs that will establish bacteriophages as essential
contributors to our efficient solutions.

Author Contributions: A.E., Conceptualization, supervision, Investigation; writing—original draft;
data curation; writing-review and editing. R.ER., data curation; investigation; analysis; writing—
original draft. M.A.A.S., visualization; project administration; writing-original draft. M.R.E.; A.E,
data curation; investigation, writing-review and editing. A.H.AE.-A., data curation; investigation;
writing—original draft. H.O.K., Conceptualization, supervision; writing-original draft; data curation;
writing-review and editing. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors would like to thank Damanhour University and the Mission Sector,
Ministry of Higher Education, Egypt for accomplishing the current work.

Conflicts of Interest: The authors declare no conflicts of interest.



Acta Microbiol. Hell. 2024, 69 177

References

1.  Wittebole, X.; De Roock, S.; Opal, S.M. A historical overview of bacteriophage therapy as an alternative to antibiotics for the
treatment of bacterial pathogens. Virulence 2014, 5, 226-235. [CrossRef] [PubMed]

2. Twort, EW. An Investigation on the Nature of Ultra-Microscopic Viruses. Lancet 1915, 186, 1241-1243. [CrossRef]

3. Sulakvelidze, A.; Alavidze, Z.; Morris, J. Bacteriophage therapy. Antimicrob. Agents Chemother. 2001, 45, 649-659. [CrossRef]
[PubMed]

4.  d’Hérelle, F. Publications service on an invisible microbe antagonistic toward dysenteric bacilli: Brief note by Mr. F. D’'Herelle,
presented by Mr. Roux. Res. Microbiol. 2007, 158, 553-554. [CrossRef]

5. Lawrence, D.; Baldridge, M.T.; Handley, S.A. Phages and human health: More than idle hitchhikers. Viruses 2019, 11, 587.
[CrossRef]

6.  Fruciano, E.; Bourne, S. Phage as an antimicrobial agent: D’Herelle’s heretical theories and their role in the decline of phage
prophylaxis in the West. Can. |. Infect. Dis. Med. Microbiol. 2007, 18, 19-26. [CrossRef]

7. Ganeshan, S.D.; Hosseinidoust, Z. Phage therapy with a focus on the human microbiota. Antibiotics 2019, 8, 131. [CrossRef]

8.  Chanishvili, N. Phage Therapy-History from Twort and d’Herelle Through Soviet Experience to Current Approaches. Adv. Virus
Res. 2012, 83, 3-40. [CrossRef] [PubMed]

9.  Hyman, P; Abedon, S.T. Bacteriophage: Overview. In Encyclopedia of Microbiology, 4th ed.; Schmidt, T.M., Ed.; Academic Press:
Oxford, UK, 2019; pp. 441-457. [CrossRef]

10. Nikolich, M.P;; Filippov, A.A. Bacteriophage therapy: Developments and directions. Antibiotics 2020, 9, 135. [CrossRef]

11.  Abedon, S.T.; Kuhl, S.J.; Blasdel, B.G.; Kutter, E.M. Phage treatment of human infections. Bacteriophage 2011, 1, 66-85. [CrossRef]

12.  Parkhill, . Antimicrobial Resistance Exchange Between Humans and Animals: Why We Need to Know More. Engineering 2022,
15, 11-12. [CrossRef] [PubMed]

13. Elfadadny, A.; Ragab, R.F,; AlHarbi, M.; Badshah, F; Ibafiez-Arancibia, E.; Farag, A.; Hendawy, A.O.; De Los Rios-Escalante,
PR.; Aboubakr, M.; Zakai, S.A.; et al. Antimicrobial resistance of Pseudomonas aeruginosa: Navigating clinical impacts, current
resistance trends, and innovations in breaking therapies. Front. Microbiol. 2024, 15, 1374466. [CrossRef] [PubMed]

14. Elfadadny, A.; Uchiyama, J.; Goto, K.; Imanishi, I.; Ragab, R.F.; Nageeb, WM.; Iyori, K.; Toyoda, Y.; Tsukui, T.; Ide, K.; et al.
Antimicrobial resistance and genotyping of Pseudomonas aeruginosa isolated from the ear canals of dogs in Japan. Front. Vet. Sci.
2023, 10, 1074127. [CrossRef] [PubMed]

15.  Kudrin, P; Varik, V,; Oliveira, S.R.A.; Beljantseva, J.; Del Peso Santos, T.; Dzhygyr, I.; Rejman, D.; Cava, F,; Tenson, T.; Hauryliuk,
V. Subinhibitory concentrations of bacteriostatic antibiotics induce relA-dependent and relA-independent tolerance to 3-lactams.
Antimicrob. Agents Chemother. 2017, 61, €02173-16. [CrossRef]

16. Loc-Carrillo, C.; Abedon, S.T. Pros and cons of phage therapy. Bacteriophage 2011, 1, 111-114. [CrossRef] [PubMed]

17. Patangia, D.V.; Anthony Ryan, C.; Dempsey, E.; Paul Ross, R.; Stanton, C. Impact of antibiotics on the human microbiome and
consequences for host health. Microbiologyopen 2022, 11, e1260. [CrossRef] [PubMed]

18. Lin, D.M.; Koskella, B.; Lin, H.C. Phage therapy: An alternative to antibiotics in the age of multi-drug resistance. World ].
Gastrointest. Pharmacol. Ther. 2017, 8, 162. [CrossRef] [PubMed]

19. Kautter, EM.; Kuhl, S.J.; Abedon, S.T. Re-establishing a place for phage therapy in western medicine. Future Microbiol. 2015, 10,
685-688. [CrossRef]

20. Goode, D.; Allen, V.M.; Barrow, P.A. Reduction of experimental Salmonella and Campylobacter contamination of chicken skin by
application of lytic bacteriophages. Appl. Environ. Microbiol. 2003, 69, 5032-5036. [CrossRef]

21. Zhang, H.; Wang, R.; Bao, H. Phage inactivation of foodborne Shigella on ready-to-eat spiced chicken. Poult. Sci. 2013, 92, 211-217.
[CrossRef]

22. Moye, Z.D.; Woolston, J.; Sulakvelidze, A. Bacteriophage applications for food production and processing. Viruses 2018, 10, 205.
[CrossRef] [PubMed]

23. D’Accolti, M.; Soffritti, I.; Mazzacane, S.; Caselli, E. Bacteriophages as a Potential 360-Degree Pathogen Control Strategy.
Microorganisms 2021, 9, 261. [CrossRef] [PubMed]

24. Gutiérrez, D.; Rodriguez-Rubio, L.; Martinez, B.; Rodriguez, A.; Garcia, P. Bacteriophages as Weapons Against Bacterial Biofilms
in the Food Industry. Front. Microbiol. 2016, 7, 825. [CrossRef] [PubMed]

25. Beuchat, L.R. Ecological factors influencing survival and growth of human pathogens on raw fruits and vegetables. Microbes
Infect. 2002, 4, 413-423. [CrossRef] [PubMed]

26. Siringan, P; Connerton, PL.; Payne, R.J.H.; Connerton, L.F. Bacteriophage-Mediated Dispersal of Campylobacter jejuni Biofilms.
Appl. Environ. Microbiol. 2011, 77, 3320-3326. [CrossRef] [PubMed]

27. Gutiérrez, D.; Rodriguez, L.; Llamas, L.F; Fernandez, B.M.; Gonzélez, A.R.; Suarez, M.P.G. Applicability of commercial phage-
based products against Listeria monocytogenes for improvement of food safety in Spanish dry-cured ham and food contact surfaces.
Food Control 2017, 73, 1474-1482. [CrossRef]

28. Soni, K.A.; Nannapaneni, R.; Hagens, S. Reduction of Listeria monocytogenes on the surface of fresh channel catfish fillets by
bacteriophage Listex P100. Foodborne Pathog. Dis. 2010, 7, 427-434. [CrossRef] [PubMed]

29. Sillankorva, S.M.; Oliveira, H.; Azeredo, J. Bacteriophages and Their Role in Food Safety. Int. J. Microbiol. 2012, 2012, 863945.

[CrossRef] [PubMed]


https://doi.org/10.4161/viru.25991
https://www.ncbi.nlm.nih.gov/pubmed/23973944
https://doi.org/10.1016/S0140-6736(01)20383-3
https://doi.org/10.1128/AAC.45.3.649-659.2001
https://www.ncbi.nlm.nih.gov/pubmed/11181338
https://doi.org/10.1016/j.resmic.2007.07.005
https://doi.org/10.3390/v11070587
https://doi.org/10.1155/2007/976850
https://doi.org/10.3390/antibiotics8030131
https://doi.org/10.1016/B978-0-12-394438-2.00001-3
https://www.ncbi.nlm.nih.gov/pubmed/22748807
https://doi.org/10.1016/B978-0-12-801238-3.02506-X
https://doi.org/10.3390/antibiotics9030135
https://doi.org/10.4161/bact.1.2.15845
https://doi.org/10.1016/j.eng.2022.04.007
https://www.ncbi.nlm.nih.gov/pubmed/35910850
https://doi.org/10.3389/fmicb.2024.1374466
https://www.ncbi.nlm.nih.gov/pubmed/38646632
https://doi.org/10.3389/fvets.2023.1074127
https://www.ncbi.nlm.nih.gov/pubmed/37546340
https://doi.org/10.1128/AAC.02173-16
https://doi.org/10.4161/bact.1.2.14590
https://www.ncbi.nlm.nih.gov/pubmed/22334867
https://doi.org/10.1002/mbo3.1260
https://www.ncbi.nlm.nih.gov/pubmed/35212478
https://doi.org/10.4292/wjgpt.v8.i3.162
https://www.ncbi.nlm.nih.gov/pubmed/28828194
https://doi.org/10.2217/fmb.15.28
https://doi.org/10.1128/AEM.69.8.5032-5036.2003
https://doi.org/10.3382/ps.2011-02037
https://doi.org/10.3390/v10040205
https://www.ncbi.nlm.nih.gov/pubmed/29671810
https://doi.org/10.3390/microorganisms9020261
https://www.ncbi.nlm.nih.gov/pubmed/33513949
https://doi.org/10.3389/fmicb.2016.00825
https://www.ncbi.nlm.nih.gov/pubmed/27375566
https://doi.org/10.1016/S1286-4579(02)01555-1
https://www.ncbi.nlm.nih.gov/pubmed/11932192
https://doi.org/10.1128/AEM.02704-10
https://www.ncbi.nlm.nih.gov/pubmed/21441325
https://doi.org/10.1016/j.foodcont.2016.11.007
https://doi.org/10.1089/fpd.2009.0432
https://www.ncbi.nlm.nih.gov/pubmed/19958102
https://doi.org/10.1155/2012/863945
https://www.ncbi.nlm.nih.gov/pubmed/23316235

Acta Microbiol. Hell. 2024, 69 178

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Potaska, M.; Sokotowska, B. Bacteriophages—A new hope or a huge problem in the food industry. AIMS Microbiol. 2019, 5,
324-346. [CrossRef]

Garvey, M. Bacteriophages and Food Production: Biocontrol and Bio-Preservation Options for Food Safety. Antibiotics 2022, 11,
1324. [CrossRef]

Roca-Couso, R.; Flores-Félix, ].D.; Rivas, R. Mechanisms of Action of Microbial Biocontrol Agents against Botrytis cinerea. ]. Fungi
2021, 7, 1045. [CrossRef] [PubMed]

Elnahal, A.S.M.; El-Saadony, M.T.; Saad, A.M.; Desoky, E.-S.M.; El-Tahan, A.M.; Rady, M.M.; AbuQamar, S.F,; El-Tarabily, K.A.
The use of microbial inoculants for biological control, plant growth promotion, and sustainable agriculture: A review. Eur. J. Plant
Pathol. 2022, 162, 759-792. [CrossRef]

Pandit, M.A.; Kumar, J.; Gulati, S.; Bhandari, N.; Mehta, P.; Katyal, R.; Rawat, C.D.; Mishra, V.; Kaur, ]. Major Biological Control
Strategies for Plant Pathogens. Pathogens 2022, 11, 273. [CrossRef] [PubMed]

Grace, E.R; Rabiey, M.; Friman, V.-P.; Jackson, R.W. Seeing the forest for the trees: Use of phages to treat bacterial tree diseases.
Plant Pathol. 2021, 70, 1987-2004. [CrossRef]

Liu, Y,; Liu, M.; Hu, R;; Bai, J.; He, X,; Jin, Y. Isolation of the Novel Phage PHB09 and Its Potential Use against the Plant Pathogen
Pseudomonas syringae pv. actinidiae. Viruses 2021, 13, 2275. [CrossRef] [PubMed]

Liu, J.; Chia, S.L.; Tan, G.H. Isolation and Characterization of Novel Phages Targeting Xanthomonas oryzae: Culprit of Bacterial
Leaf Blight Disease in Rice. Ther. Appl. Res. 2021, 2, 142-151. [CrossRef] [PubMed]

Wang, C.-X.; Zhao, A.-H.; Yu, H.-Y;; Wang, L.-L.; Li, X. Isolation and Characterization of a Novel Lytic Halotolerant Phage from
Yuncheng Saline Lake. Indian J. Microbiol. 2022, 62, 249-256. [CrossRef] [PubMed]

OmniLytics. OmniLytics Receives OMRI Listing for AgriPhage | OmniLytics | News. 2006. Available online: https://agriphage.
com/product-info/tomatopepper/ (accessed on 16 August 2023).

Lee, C.-N,; Lin, J.-W.; Chow, T.-Y,; Tseng, Y.-H.; Weng, S.-F. A novel lysozyme from Xanthomonas oryzae phage varphiXo411 active
against Xanthomonas and Stenotrophomonas. Protein Expr. Purif. 2006, 50, 229-237. [CrossRef]

Fujiwara, A.; Fujisawa, M.; Hamasaki, R.; Kawasaki, T.; Fujie, M.; Yamada, T. Biocontrol of Ralstonia solanacearum by treatment
with lytic bacteriophages. Appl. Environ. Microbiol. 2011, 77, 4155-4162. [CrossRef]

Kizheva, Y.; Eftimova, M.; Rangelov, R.; Micheva, N.; Urshev, Z.; Rasheva, I.; Hristova, P. Broad host range bacteriophages found
in rhizosphere soil of a healthy tomato plant in Bulgaria. Heliyon 2021, 7, €07084. [CrossRef]

Rahimzadeh, G.; Saeedi, M.; Moosazadeh, M.; Hashemi, S.M.H.; Babaei, A.; Rezai, M.S.; Kamel, K.; Asare-Addo, K.; Nokhodchi, A.
Encapsulation of bacteriophage cocktail into chitosan for the treatment of bacterial diarrhea. Sci. Rep. 2021, 11, 15603. [CrossRef]
[PubMed]

Rasool, M.; Akhter, A.; Soja, G.; Haider, M.S. Role of biochar, compost and plant growth promoting rhizobacteria in the
management of tomato early blight disease. Sci. Rep. 2021, 11, 6092. [CrossRef]

Xinyu, Z.; Shumin, W.; Ting, L.; Qian, Z.; Ruiling, Z.; Zhong, Z. Bacteriophage: A Useful Tool for Studying Gut Bacteria Function
of Housefly Larvae, Musca domestica. Microbiol. Spectr. 2021, 9, e€00599-21. [CrossRef]

Tikhe, C.V.; George, D. Phage Therapy for Mosquito Larval Control: A Proof-of-Principle Study. MBio 2022, 13, e03017-22.
[CrossRef] [PubMed]

Kim, S.G; Jun, ] W,; Giri, S.S.; Yun, S.; Kim, H.J.; Kim, S.W.; Kang, ] W.; Han, S.J.; Jeong, D.; Park, S.C. Isolation and characterisation
of pVa-21, a giant bacteriophage with anti-biofilm potential against Vibrio alginolyticus. Sci. Rep. 2019, 9, 6284. [CrossRef]

Runa, V,; Wenk, J.; Bengtsson, S.; Jones, B.V.; Lanham, A.B. Bacteriophages in Biological Wastewater Treatment Systems:
Occurrence, Characterization, and Function. Front. Microbiol. 2021, 12, 730071. [CrossRef] [PubMed]

Tagliaferri, T.L.; Jansen, M.; Horz, H.-P. Fighting Pathogenic Bacteria on Two Fronts: Phages and Antibiotics as Combined Strategy.
Front. Cell. Infect. Microbiol. 2019, 9, 22. [CrossRef]

Withey, S.; Cartmell, E.; Avery, L.M.; Stephenson, T. Bacteriophages—Potential for application in wastewater treatment processes.
Sci. Total Environ. 2005, 339, 1-18. [CrossRef] [PubMed]

Liu, M,; Gill, ].J.; Young, R.; Summer, E.J. Bacteriophages of wastewater foaming-associated filamentous Gordonia reduce host
levels in raw activated sludge. Sci. Rep. 2015, 5, 13754. [CrossRef]

Steve, P; Seviour, R.]J.; Daniel, T. Prevention of Gordonia and Nocardia Stabilized Foam Formation by Using Bacteriophage GTE?.
Appl. Environ. Microbiol. 2011, 77, 7864-7867. [CrossRef]

Ferreira, R.; Amado, R; Padrao, J.; Ferreira, V.; Dias, N.M.; Melo, L.D.R.; Santos, S.B.; Nicolau, A. The first sequenced Sphaerotilus
natans bacteriophage—characterization and potential to control its filamentous bacterium host. FEMS Microbiol. Ecol. 2021, 97,
fiab029. [CrossRef] [PubMed]

Yu, P; Mathieu, J.; Lu, GW.; Gabiatti, N.; Alvarez, P.J. Control of Antibiotic-Resistant Bacteria in Activated Sludge Using
Polyvalent Phages in Conjunction with a Production Host. Environ. Sci. Technol. Lett. 2017, 4, 137-142. [CrossRef]

Ullah, A.; Qamash, T.; Khan, FA.; Sultan, A.; Ahmad, S.; Abbas, M.; Khattak, M.A.K.; Begum, N.; Din, S.U.; Jamil, J.; et al.
Characterization of a Coliphage AS1 isolated from sewage effluent in Pakistan. Braz. J. Biol. 2021, 82, €240943. [CrossRef]
[PubMed]

Turki, Y.; Ouzari, H.; Mehri, I.; Ben Ammar, A.; Hassen, A. Evaluation of a cocktail of three bacteriophages for the biocontrol of
Salmonella of wastewater. Food Res. Int. 2012, 45, 1099-1105. [CrossRef]


https://doi.org/10.3934/microbiol.2019.4.324
https://doi.org/10.3390/antibiotics11101324
https://doi.org/10.3390/jof7121045
https://www.ncbi.nlm.nih.gov/pubmed/34947027
https://doi.org/10.1007/s10658-021-02393-7
https://doi.org/10.3390/pathogens11020273
https://www.ncbi.nlm.nih.gov/pubmed/35215215
https://doi.org/10.1111/ppa.13465
https://doi.org/10.3390/v13112275
https://www.ncbi.nlm.nih.gov/pubmed/34835081
https://doi.org/10.1089/phage.2021.0009
https://www.ncbi.nlm.nih.gov/pubmed/36161243
https://doi.org/10.1007/s12088-022-01005-0
https://www.ncbi.nlm.nih.gov/pubmed/35462706
https://agriphage.com/product-info/tomatopepper/
https://agriphage.com/product-info/tomatopepper/
https://doi.org/10.1016/j.pep.2006.06.013
https://doi.org/10.1128/AEM.02847-10
https://doi.org/10.1016/j.heliyon.2021.e07084
https://doi.org/10.1038/s41598-021-95132-1
https://www.ncbi.nlm.nih.gov/pubmed/34341399
https://doi.org/10.1038/s41598-021-85633-4
https://doi.org/10.1128/spectrum.00599-21
https://doi.org/10.1128/mbio.03017-22
https://www.ncbi.nlm.nih.gov/pubmed/36445694
https://doi.org/10.1038/s41598-019-42681-1
https://doi.org/10.3389/fmicb.2021.730071
https://www.ncbi.nlm.nih.gov/pubmed/34803947
https://doi.org/10.3389/fcimb.2019.00022
https://doi.org/10.1016/j.scitotenv.2004.09.021
https://www.ncbi.nlm.nih.gov/pubmed/15740754
https://doi.org/10.1038/srep13754
https://doi.org/10.1128/AEM.05692-11
https://doi.org/10.1093/femsec/fiab029
https://www.ncbi.nlm.nih.gov/pubmed/33587121
https://doi.org/10.1021/acs.estlett.7b00045
https://doi.org/10.1590/1519-6984.240943
https://www.ncbi.nlm.nih.gov/pubmed/34259715
https://doi.org/10.1016/j.foodres.2011.05.041

Acta Microbiol. Hell. 2024, 69 179

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Zaczek, M.; Weber-Dabrowska, B.; Gorski, A. Phages as a Cohesive Prophylactic and Therapeutic Approach in Aquaculture
Systems. Antibiotics 2020, 9, 564. [CrossRef]

Vaseeharan, B.; Thaya, R. Medicinal plant derivatives as immunostimulants: An alternative to chemotherapeutics and antibiotics
in aquaculture. Aquac. Int. 2014, 22, 1079-1091. [CrossRef]

Lomeli-Ortega, C.O.; Martinez-Diaz, S.F. Phage therapy against Vibrio parahaemolyticus infection in the whiteleg shrimp
(Litopenaeus vannamei) larvae. Aquaculture 2014, 434, 208-211. [CrossRef]

Sieiro, C.; Areal-Hermida, L.; Pichardo-Gallardo, A.; Almuifia-Gonzélez, R.; de Miguel, T.; Sanchez, S.; Sanchez-Pérez, A Villa,
T.G. A Hundred Years of Bacteriophages: Can Phages Replace Antibiotics in Agriculture and Aquaculture? Aquaculture 2020, 9,
493. [CrossRef] [PubMed]

Sundell, K.; Landor, L.; Castillo, D.; Middelboe, M.; Wiklund, T. Bacteriophages as Biocontrol Agents for Flavobacterium
psychrophilum Biofilms and Rainbow Trout Infections. Phage 2020, 1, 198-204. [CrossRef]

Chen, L.; Fan, J.; Yan, T.; Liu, Q.; Yuan, S.; Zhang, H.; Yang, J.; Deng, D.; Huang, S.; Ma, Y. Isolation and Characterization of
Specific Phages to Prepare a Cocktail Preventing Vibrio sp. Va-F3 Infections in Shrimp (Litopenaeus vannamei). Front. Microbiol.
2019, 10, 2337. [CrossRef]

Kim, H.J.; Jun, JW.; Giri, S.S.; Chi, C.; Yun, S.; Kim, S.G.; Kim, S.W.; Kang, ].W.; Han, S.J.; Kwon, J.; et al. Application of the
bacteriophage pVco-14 to prevent Vibrio coralliilyticus infection in Pacific oyster (Crassostrea gigas) larvae. |. Invertebr. Pathol. 2019,
167,107244. [CrossRef] [PubMed]

Le, T.S.; Southgate, P.C.; O’Connor, W.; Vu, S.V.; Kurtboke, D.. Application of Bacteriophages to Control Vibrio alginolyticus
Contamination in Oyster (Saccostrea glomerata) Larvae. Antibiotics 2020, 9, 415. [CrossRef] [PubMed]

Cafora, M.; Deflorian, G.; Forti, E; Ferrari, L.; Binelli, G.; Briani, F; Ghisotti, D.; Pistocchi, A. Phage therapy against Pseudomonas
aeruginosa infections in a cystic fibrosis zebrafish model. Sci. Rep. 2019, 9, 1527. [CrossRef] [PubMed]

Cao, Y;; Li, S.; Han, S.; Wang, D.; Zhao, J.; Xu, L.; Liu, H.; Lu, T. Characterization and application of a novel Aeromonas bacteriophage
as treatment for pathogenic Aeromonas hydrophila infection in rainbow trout. Aquaculture 2020, 523, 735193. [CrossRef]

Laanto, E.; Bamford, ] K.H.; Ravantti, J.J.; Sundberg, L.-R. The use of phage FCL-2 as an alternative to chemotherapy against
columnaris disease in aquaculture. Front. Microbiol. 2015, 6, 829. [CrossRef] [PubMed]

Monegro, A.F.; Muppidi, V.; Regunath, H. Hospital-Acquired Infections; StatPearls: Treasure Island, FL, USA, 2024.

Szabé, S.; Feier, B.; Capatina, D.; Tertis, M.; Cristea, C.; Popa, A. An Overview of Healthcare Associated Infections and Their
Detection Methods Caused by Pathogen Bacteria in Romania and Europe. J. Clin. Med. 2022, 11, 3204. [CrossRef] [PubMed]
Khan, H.A.; Baig, FK.; Mehboob, R. Nosocomial infections: Epidemiology, prevention, control and surveillance. Asian Pac. J. Trop.
Biomed. 2017, 7, 478-482. [CrossRef]

Principi, N.; Silvestri, E.; Esposito, S. Advantages and Limitations of Bacteriophages for the Treatment of Bacterial Infections.
Front. Pharmacol. 2019, 10, 513. [CrossRef]

Buth, S.A.; Shneider, M.M.; Scholl, D.; Leiman, P.G. Structure and Analysis of R1 and R2 Pyocin Receptor-Binding Fibers. Viruses
2018, 10, 427. [CrossRef]

Kunstmann, S.; Scheidt, T.; Buchwald, S.; Helm, A.; Mulard, L.A; Fruth, A.; Barbirz, S. Bacteriophage Sf6 Tailspike Protein for
Detection of Shigella flexneri Pathogens. Viruses 2018, 10, 431. [CrossRef]

Kretzer, ].W.; Schmelcher, M.; Loessner, M.]. Ultrasensitive and Fast Diagnostics of Viable Listeria Cells by CBD Magnetic
Separation Combined with A511::luxAB Detection. Viruses 2018, 10, 626. [CrossRef] [PubMed]

Uchiyama, J.; Matsui, H.; Murakami, H.; Kato, S.-I.; Watanabe, N.; Nasukawa, T.; Mizukami, K.; Ogata, M.; Sakaguchi, M.;
Matsuzaki, S.; et al. Potential Application of Bacteriophages in Enrichment Culture for Improved Prenatal Streptococcus agalactiae
Screening. Viruses 2018, 10, 552. [CrossRef] [PubMed]

Talwar, H.; Hanoudi, S.N.; Draghici, S.; Samavati, L. Novel T7 Phage Display Library Detects Classifiers for Active Mycobacterium
Tuberculosis Infection. Viruses 2018, 10, 375. [CrossRef] [PubMed]

Suréanyi, E.V; Hirmondo, R.; Nyiri, K,; Tarjanyi, S.; Kéhegyi, B.; Toth, J.; Vértessy, B.G. Exploiting a Phage-Bacterium Interaction
System as a Molecular Switch to Decipher Macromolecular Interactions in the Living Cell. Viruses 2018, 10, 168. [CrossRef]
Devaraj, V.; Han, |J.; Kim, C.; Kang, Y.-C.; Oh, J.-W. Self-Assembled Nanoporous Biofilms from Functionalized Nanofibrous M13
Bacteriophage. Viruses 2018, 10, 322. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/antibiotics9090564
https://doi.org/10.1007/s10499-013-9729-3
https://doi.org/10.1016/j.aquaculture.2014.08.018
https://doi.org/10.3390/antibiotics9080493
https://www.ncbi.nlm.nih.gov/pubmed/32784768
https://doi.org/10.1089/phage.2020.0021
https://doi.org/10.3389/fmicb.2019.02337
https://doi.org/10.1016/j.jip.2019.107244
https://www.ncbi.nlm.nih.gov/pubmed/31520593
https://doi.org/10.3390/antibiotics9070415
https://www.ncbi.nlm.nih.gov/pubmed/32708768
https://doi.org/10.1038/s41598-018-37636-x
https://www.ncbi.nlm.nih.gov/pubmed/30728389
https://doi.org/10.1016/j.aquaculture.2020.735193
https://doi.org/10.3389/fmicb.2015.00829
https://www.ncbi.nlm.nih.gov/pubmed/26347722
https://doi.org/10.3390/jcm11113204
https://www.ncbi.nlm.nih.gov/pubmed/35683591
https://doi.org/10.1016/j.apjtb.2017.01.019
https://doi.org/10.3389/fphar.2019.00513
https://doi.org/10.3390/v10080427
https://doi.org/10.3390/v10080431
https://doi.org/10.3390/v10110626
https://www.ncbi.nlm.nih.gov/pubmed/30428537
https://doi.org/10.3390/v10100552
https://www.ncbi.nlm.nih.gov/pubmed/30308933
https://doi.org/10.3390/v10070375
https://www.ncbi.nlm.nih.gov/pubmed/30029479
https://doi.org/10.3390/v10040168
https://doi.org/10.3390/v10060322

	Bacteriophage Applications in Medicine 
	Bacteriophage Applications in Food Industry 
	Bacteriophage Applications in Controlling Phytopathogens 
	Bacteriophage Applications for Pest Control 
	Bacteriophage Applications for Water Treatment 
	Bacteriophage Applications in Aquaculture 
	Bacteriophage Applications as Environmental Sanitizers 
	Bacteriophage-Based Biotechnological Applications 
	Conclusions 
	References

