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Abstract 

The accelerating global burden of antimicrobial resistance (AMR) has intensified the need for novel 

antimicrobial strategies in both human and veterinary medicine. Bacteriophage therapy (BT), which 

utilizes lytic viruses that selectively target bacterial pathogens, is re-emerging as a biologically 

precise and ecologically compatible alternative to antibiotics. This review synthesizes current 

knowledge on phage biology, host-pathogen evolutionary dynamics, and veterinary applications 

across livestock, poultry, companion animals, and aquaculture. It further examines molecular 

innovations such as engineered phages, phage-derived enzymes (endolysins, depolymerases), and 

CRISPR-assisted genome editing. Documented experimental and clinical evidence, including recent 

case reports and trials, demonstrates significant phage activity against critical pathogens like 

Staphylococcus aureus/pseudintermedius, Escherichia coli, Salmonella spp., Campylobacter spp., 

Klebsiella pneumoniae, and Pseudomonas aeruginosa. Despite striking therapeutic potential, 

challenges persist, including the emergence of phage-resistant bacterial variants, complex 

regulatory constraints, variability in delivery systems, and the need for standardized manufacturing. 

Addressing these limitations through robust experimental design, enhanced regulatory frameworks 

(including magistral preparation models), and integration of advanced phage engineering tools will 

be critical for the full translational implementation of phage therapy under the One Health 

framework. 
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HISTORICAL TRAJECTORY AND ONE 

HEALTH RELEVANCE 

 

Bacteriophages were independently identified 

in the early 20th century by Frederick Twort 

(1915) and Félix d'Herelle (1917), who not 

only demonstrated their lytic capacity but also 

successfully applied them to prevent 

Salmonella gallinarum infections in poultry, 

marking the first veterinary application 

(McAuliffe et al., 2007). Early veterinary 

phage applications expanded to include 

treatments targeting Staphylococcus, E. coli, 

and Salmonella infections in livestock (Barrow 

et al., 1998). However, with the advent of 

broad-spectrum antibiotics in the 1940s, phage 

therapy declined in Western practice due to 

inconsistent preparation methods, limited 

understanding of phage biology, and the 

overwhelming success of antibiotics. 

Conversely, Eastern European institutes, most 

notably the Eliava Institute in Georgia, 

continued systematic development of phage-

based therapeutics. A renewed interest in 

Western science was triggered in the 1980s, 

particularly through the work of a research 

group that demonstrated that a single 

intraperitoneal injection could save bacteremic 

mice infected with E. coli or S. enterica 

serovar Typhimurium (Merril et al., 1996). The 

same team later showed, in a more recent 

study, that a lytic phage targeting vancomycin-

resistant Enterococcus faecium (VRE) was 

effective in a mouse model (Biswas et al., 

2002). A single intraperitoneal injection was 

sufficient to treat all of the VRE-bacteremic 

mice. Today, the growing AMR crisis, 

combined with consumer pressure to reduce 

antibiotic use in food-producing animals, has 

stimulated intense re-evaluation of phages as 

https://doi.org/10.61900/SPJVS.2025.04.18
mailto:dragos.anita@iuls.ro


Scientific Papers – vol. 68 no 4 / 2025, series Veterinary Medicine 

 

104 

 

precision antimicrobials (Kortright et al., 

2019). Veterinary medicine plays a pivotal 

role in AMR dynamics, as resistant bacterial 

strains readily circulate between animals, 

humans, and the environment, forming a core 

pillar of One Health. Thus, bacteriophages 

offer a sustainable, species-targeted 

antimicrobial solution uniquely suited to 

integrated animal and public health strategies 

(Zhou et al., 2025). 

 

Bacteriophage Biology: Structure, 

Replication, and Co-Evolution with Hosts 

Bacteriophages are very diverse and play an 

important role in shaping microbial life. Their 

biology weaves together elegantly engineered 

structures, tightly orchestrated replication 

cycles, and a continual evolutionary arms race 

with their bacterial hosts.  

 

Taxonomy and Morphology 

The classification of bacteriophages is a 

constantly evolving field: over the decades, 

different classifications have succeeded one 

another. Initially based on viral morphology 

observed via electron microscopy and the type 

of nucleic acid, the current classification by 

the International Committee on Taxonomy of 

Viruses (ICTV) is based on their genomic 

proximity. Most identified therapeutic 

bacteriophages belong to the order 

Caudovirales characterized by their tailed 

morphology (Segundo-Arizmendi et al., 2025). 

Recent taxonomic revisions have introduced 

new genera, such as Fibralongavirus within 

Siphoviridae, identified in phages targeting 

canine pathogen Staphylococcus 

pseudintermedius (Zeman et al., 2019). The 

genetic material of bacteriophages is 

composed of either DNA or RNA, which can 

be double-stranded or single-stranded.  

 

 

 

 

 

 

 

 

 

 

 
  

Fig. 1. Morphology af myovirus 

 

This genetic material is packaged within a 

capsid of variable structure: polyhedral, 

filamentous, pleomorphic, or linked to a tail. 

Their distinct tail architectures, including 

receptor-binding proteins (RBPs) on fibers or 

baseplates, are critical for host interaction and 

specificity (Hrebík et al., 2019; Bardy et al., 

2020). According to the size and contractile 

nature of the tail, three important families were 

described: Podoviridae (short, non-contractile 

tail), Myoviridae (long, contractile tail), and 

Siphoviridae (long, flexible, and non-

contractile tail (Figure 1). Transmission 

Electron Microscopy (TEM) remains 

indispensable for morphological 

characterization, enabling differentiation 

between virulent (lytic) and temperate phages - 

a crucial step in pre-therapeutic development. 

 

Replication Cycles: Lytic vs. Lysogenic 

Strategies 

Phages are obligate intracellular parasites that 

rely on prokaryotic host machinery for 

replication, rendering them harmless to 

eukaryotic organisms. These viruses inhabit 

every ecosystem where bacteria are present, 

including sewage, fresh water, soil, and the 

human microbiome (Breitbart, 2012). 

Depending on their preferred life cycle, b. 

cteriophages are divided into virulent, 

temperate and chronic phages. Phages exhibit 

two primary replication strategies defining 

their therapeutic suitability. Lytic (virulent) 

phages follow a cycle of adsorption, genome 

injection, replication, assembly, and ultimately 

host cell lysis to release progeny virions. This 

lethal outcome makes them exclusively 

suitable for therapeutic use. In contrast, 

temperate phages can integrate their genome 

into the host chromosome as a prophage, 

replicating passively with the bacterium in a 

lysogenic state. This poses risks of horizontal 

gene transfer, including virulence or antibiotic 

resistance genes, rendering them unsuitable for 

therapy unless genetically modified into 

obligately lytic variants (Pires et al., 2016). 

These prophages, through their stable 

integration into the bacterial network, can also 

influence the metabolism and adaptation of the 

host to a changing environment (Wahl et al., 

2019). It is important to note that once 
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integrated into the cellular genome, the viral 

genes are also capable of self-regulation via 

the expression of proteins that control the 

stability of the prophage within the 

chromosome. The study of these diverse 

genetic interactions represents a significant 

public health challenge because the 

bacteriophages present in the gut have a 

considerable impact on the microbiota. 

 

Host Specificity and Evolutionary 

Adaptation (Arms Race) 

Phage specificity is often strain-specific, 

mediated by RBPs that recognize bacterial 

surface structures like lipopolysaccharides, 

porins, pili, or capsule polysaccharides. This 

intimate interaction drives a relentless co-

evolutionary arms race (Chen et al., 2024). 

Bacteria evolve resistance through diverse 

mechanisms: receptor modification or loss, 

activation of Restriction-Modification systems, 

Abortive Infection (Abi) systems, or CRISPR-

Cas adaptive immunity. In response, 

therapeutic strategies must evolve, 

necessitating the use of well-characterized 

phage cocktails targeting multiple bacterial 

receptors, periodic phage library updates, or 

the deployment of genetically engineered 

phages with broadened host ranges to 

counteract resistance and maintain long-term 

efficacy. 

 

Veterinary Applications of Phage Therapy: 

From Farm to Companion Animal 

Phage therapy in veterinary medicine spans 

pre-harvest interventions (treating live animals 

to improve health and reduce zoonotic 

pathogens) and post-harvest applications 

(decontaminating food products). 

3.1. Ruminants and Swine 

In cattle, a primary focus is reducing 

the carriage of zoonotic pathogens like 

E. coli O157:H7 and Salmonella spp. 

Oral administration of encapsulated 

phage cocktails has demonstrated 

significant reductions in fecal 

shedding, though efficacy can be 

variable due to challenges of phage 

survival and activity in the complex 

gastrointestinal environment. In swine, 

prophylactic application of phage 

cocktails via feed or water has shown 

promise in reducing Salmonella 

colonization in piglets, thereby 

improving animal welfare and reducing 

contamination risk. Recent isolations 

of novel Epseptimavirus phages 

specific to Salmonella enterica and E. 

coli from environmental samples 

highlight the ongoing discovery of 

potential therapeutic agents (Cortes-

Ortega et al., 2024; Zheng et al., 2024). 

3.2. Poultry 

Poultry are major reservoirs for 

foodborne pathogens Campylobacter 

jejuni and Salmonella Enteritidis. 

Phage therapy applied through feed, 

water, or oral gavage aims to reduce 

caecal colonization pre-slaughter. 

Studies have documented 2–3 log10 

reductions in Campylobacter loads, 

directly supporting pre-harvest food 

safety applications. The success hinges 

on using cocktails effective against 

prevalent strains and timing 

administration close to slaughter. 

3.3. Companion Animals 

Phage therapy is gaining traction in 

small animal medicine for chronic, 

antibiotic-resistant infections. A key 

target is Staphylococcus 

pseudintermedius (MRSP), a leading 

cause of canine pyoderma, otitis, and 

wound infections. Phages from genera 

like Kayvirus (Myoviridae) and 

Fibralongavirus (Siphoviridae) show 

potent activity against MRSP (Zeman 

et al., 2019). Beyond dermatology, 

compassionate-use cases report 

successful outcomes in challenging 

scenarios: treatment of prosthetic joint 

infections (Tkhilaishvili et al., 2019; 

Ferry et al., 2021), chronic urinary tract 

infections (Kuipers et al., 2019), and 

infected wounds (Patel et al., 2021), 

often after antibiotic failure. These 

align with human medicine case 

reports detailing phage therapy for 

osteomyelitis (Fish et al., 2018; Clarke 

et al., 2020), diabetic foot ulcers 

(Duplessis & Biswas, 2020), and 

device-related infections (Exarchos et 

al., 2020; Mulzer et al., 2020). 
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3.4.Aquaculture 

The intensive nature of aquaculture 

makes it highly vulnerable to bacterial 

diseases like vibriosis and 

aeromoniasis. Phage therapy offers an 

environmentally friendly alternative. 

Immersion (bath) treatments with 

phages specific to Aeromonas 

hydrophila or Vibrio harveyi have 

significantly reduced mortality in fish 

and shrimp. For instance, the novel 

phage AhyVDH1 exhibits strong lytic 

activity against A. hydrophila (Cheng 

et al., 2021).  

 
Figure 2. Advantages of phages in aquaculture 

 

Field trials in shrimp culture 

demonstrate that phage treatment can 

achieve superior outcomes compared to 

antibiotics in controlling outbreaks, 

highlighting its practical scalability 

(Mazumder, 2022).  

Phage therapy offers significant 

advantages over traditional antibiotic 

use in aquaculture, primarily because 

of its self-regulating and highly 

specific nature, making it a more 

environmentally sound and cost-

effective approach to disease control 

(Figure 2). The key benefits include 

self-replication, where phages multiply 

only in the presence of target bacteria, 

allowing for smaller, cheaper initial 

doses, and auto-dosing, a mechanism 

ensuring phages naturally disappear 

once the pathogenic bacteria are 

eliminated, preventing the persistence 

of residues. Furthermore, phages 

possess a narrow action spectrum and 

high strain specificity, meaning they do 

not interfere with beneficial non-target 

bacteria or the host's body cells, 

thereby avoiding the broad ecological 

disruption caused by antibiotics; while 

this specificity can be a disadvantage, 

it is mitigated by using bacteriophage 

cocktails.  

 

Confronting Biofilms: A Key Arena for 

Phage Therapy 

Biofilms, structured communities encased in 

an extracellular polymeric substance (EPS), 

are a hallmark of chronic veterinary infections 

(e.g., otitis, wound infections, implant-

associated infections) and confer extreme 

antibiotic tolerance. Beyond safety, phages are 

more environmentally friendly, are effective at 

clearing problematic biofilms, and, due to their 

short development cycles, are low-cost and 

easy to use and store, collectively positioning 

them as a robust, practical alternative for 

sustainable farming. 

Phages combat biofilms through dual 

strategies: direct infection and lysis of 

metabolically active bacteria within the 

biofilm, and production of depolymerase 

enzymes that enzymatically degrade the EPS 

matrix, facilitating phage penetration and 

disrupting biofilm integrity (Kolenda, 2019). 

This anti-biofilm activity is particularly 

relevant for pathogens like Pseudomonas 

aeruginosa and Klebsiella pneumoniae. For 

example, phages with depolymerase activity 

have proven effective against K. pneumoniae 

biofilms (Zurabov et al., 2023). However, 

phage therapy can sometimes paradoxically 

stimulate biofilm formation by selecting for 

mucoid or aggregation-prone mutants, 

underscoring the need for careful phage 

selection and combination strategies, such as 

phage-antibiotic synergy (PAS), which can 

enhance biofilm eradication (Diallo & 

Dublanchet, 2022). 

 

The Rise of Phage Engineering and 

Enzybiotics 

• Engineered and Genomically Enhanced 

Phages 
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Phage display technology is a versatile 

engineering platform used to select high-

affinity binders and create functionalized 

phages. The technique, which earned 

George P. Smith and Sir Gregory P. Winter 

the 2018 Nobel Prize in Chemistry, works 

by genetically modifying phages to display 

peptides or proteins on their coat 

proteins. These engineered phages are 

then screened against a target to identify 

and select the molecules with the 

strongest binding affinity (Jaroszewicz et 

al., 2022). Advances in synthetic biology 

allow for the precise modification of 

phages to enhance therapeutic properties. 

CRISPR-Cas systems can be used to 

convert temperate phages into obligately 

lytic variants or to edit phage genomes to 

broaden host range, enhance lytic activity, 

or remove undesirable genes. Phage 

rebooting techniques enable the insertion 

of therapeutic cargo, such as biofilm-

degrading enzymes or antimicrobial 

peptides, creating targeted delivery 

vehicles (Pires et al., 2016). The isolation 

and genomic characterization of novel 

phages, such as the Klebsiella phage EKq1, 

provide the raw material for these 

engineering platforms (Anderson et al., 

2024). 

• Enzybiotics: Endolysins and 

Depolymerases 

Phage-derived enzymes, or enzybiotics, 

offer a distinct therapeutic approach. 

Endolysins are peptidoglycan hydrolases 

produced by phages to lyse the bacterial 

cell wall from within during the lytic cycle. 

When applied exogenously as purified 

recombinant proteins, they cause rapid 

osmotic lysis of Gram-positive bacteria like 

Staphylococcus, even against antibiotic-

resistant strains. Depolymerases, as 

previously noted, target capsules, slime 

layers, or EPS. These enzymes are not self-

replicating, potentially simplifying 

regulatory pathways, and can be used 

synergistically with phages or conventional 

antibiotics to enhance efficacy and 

prevent resistance. 

• Targeting Critical Pathogens: Documented 

Evidence 

Klebsiella pneumoniae: The rapid spread 

of carbapenem-resistant K. pneumoniae 

(CRKP) has made it a prime target. Studies 

report the isolation of novel, potent 

phages against CRKP strains, including 

those from ventilator-associated 

pneumonia in COVID-19 patients 

(Mohammadi et al., 2023).  

 

  
Fig3. Phage Engineering and Enzybiotics 

 

• Phage cocktails have demonstrated 

efficacy against extensively drug-resistant 

sequence types (Martins et al., 2022), and 

case reports show successful personalized 

phage therapy, noting that phage 

resistance development can sometimes be 

associated with reduced bacterial 

virulence (Li et al., 2023; Abbas et al., 

2025; Duarte et al., 2024). 

o Pseudomonas aeruginosa: A 

major cause of chronic otitis and 

wound infections in animals. 

Human medicine trials and case 

reports, such as the PhagoBurn 

trial for burn wounds (Jault et al., 

2019) and treatment of 

respiratory infections in cystic 

fibrosis patients (Law et al., 2019), 

provide a robust proof-of-concept 

for veterinary translation. 

o Staphylococcus aureus: Phage 

therapy has been used safely and 

effectively in human trials for 

conditions like chronic 

rhinosinusitis (Ooi et al., 2019) 

and severe systemic infections 
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(Fabijan et al., 2020), supporting 

its potential for analogous S. 

pseudintermedius infections in 

dogs. 

o Aeromonas hydrophila and 

Salmonella spp.: As noted in 

aquaculture and livestock 

sections, multiple phages with 

therapeutic potential have been 

isolated and characterized (Cheng 

et al., 2021; Cortes-Ortega et al., 

2024). 

• Targeting intracellular bacterial pathogens 

like Mycobacteria  and Mycoplasma is 

challenging because they are shielded 

from traditional antibiotics and immune 

responses, often using host cells as 

"Trojan horses" for dissemination. While 

bacteriophages (phages) can naturally 

enter mammalian cells, they often fail to 

reach the same internal compartments as 

the bacteria, limiting their efficacy. To 

overcome this, molecular engineering is 

used to modify phages, for example, by 

adding cell-penetrating or receptor-

binding peptides, to enhance their uptake 

and direct them to specific intracellular 

locations, showing promise in killing 

pathogens like Clamydia trachomatis, E. 

coli, and Salmonella sp. (Zhao et al., 2023). 

A major hurdle remains the diversity of 

intracellular niches (cytosol, phagosomes, 

etc.) occupied by different pathogens. 

 

Regulatory Landscape and Translational 

Barriers  

Phage display's utility extends significantly 

beyond simple molecule discovery, acting as a 

new enabling technology across several 

biomedical fields. Specifically, it supports the 

creation of highly sensitive diagnostic assays 

and the efficient screening for ligands 

targeting disease biomarkers. This versatile 

platform has found broad application in the 

discovery and engineering of therapeutic 

antibodies (Zhang, 2023), the development of 

systems for targeted drug delivery (André et 

al., 2022) to increase treatment efficacy, and 

the innovative field of biomaterials 

engineering (Davidson et al., 2020). Phages 

present a unique regulatory challenge as 

dynamic, self-replicating biological entities, 

not static chemical drugs. In the European 

Union, they are typically regulated as 

Biological Medicinal Products, requiring full 

Good Manufacturing Practice (GMP) 

compliance and extensive clinical trial data—a 

costly and lengthy process ill-suited for 

personalized or rapidly adaptable therapies. 

Innovative regulatory models are emerging. 

Belgium has formalized a magistral 

preparation framework, allowing customized 

phage preparations to be compounded in 

hospital pharmacies for specific patients under 

medical responsibility (Pirnay et al., 2018). 

Other proposals include adopting multi-strain 

dossiers (similar to vaccines) and establishing 

centralized phage banks with pre-

characterized, quality-controlled phages to 

streamline access. 

 

Key translational barriers include: 

• Pharmacokinetics/Pharmacodynamics 

(PK/PD): Understanding phage 

distribution, persistence, and replication 

dynamics in vivo across different species 

and routes of administration (oral, topical, 

systemic). 

• Standardization: Developing universal 

potency assays, stability testing protocols, 

and purity criteria (e.g., ensuring removal 

of bacterial endotoxins and exclusion of 

temperate phages). 

• Manufacturing: Scaling up production 

under GMP while maintaining phage 

activity and stability, especially for 

cocktails. 

• Resistance Monitoring: Implementing 

surveillance for phage-resistant bacterial 

variants during therapy. 

 

Future Perspectives and Integration into 

One Health perspective 

The future of veterinary phage therapy 

depends on strategic integration: 

• Building Phage Biobanks: Establishing 

international, curated collections of 

genomically sequenced lytic phages 

against priority veterinary pathogens to 

enable rapid matching to clinical isolates. 



University of Life Science (IULS) 

 

109 

 

• Advanced Delivery Systems: Research into 

microencapsulation for oral delivery, 

stable topical formulations, and inhaled 

phages for respiratory infections. 

• Definitive Clinical Trials: Conducting large-

scale, randomized controlled trials in 

target animal species to generate the 

robust efficacy and safety data required 

for wider regulatory approval and 

veterinary practitioner acceptance. 

• Synergistic Combinations: Systematically 

exploring Phage-Antibiotic Synergy (PAS) 

and phage-enzybiotic combinations to 

enhance efficacy, reduce resistance 

emergence, and treat biofilm-associated 

and intracellular infections (Fajardo-

Lubian & Venturini, 2023). 

• One Health Surveillance: Integrating 

phage therapy into AMR surveillance 

networks, using phages not only as 

therapeutics but also as precise diagnostic 

and typing tools to track resistant bacterial 

clones across human, animal, and 

environmental reservoirs. 

CONCLUSION 

 

Bacteriophage therapy represents a 

powerful, evolutionarily informed alternative 

to antibiotics in veterinary medicine. Its high 

specificity, capacity for self-replication at the 

infection site, ability to disrupt biofilms, and 

potential for genetic engineering make it a 

uniquely adaptable tool. While substantial 

challenges in regulation, standardization, and 

delivery persist, the growing body of 

successful experimental studies, 

compassionate-use cases in both human and 

veterinary medicine, and continuous scientific 

innovation are paving a credible translational 

pathway. By addressing these challenges 

through collaborative research, flexible 

regulation, and One Health integration, phage 

therapy can evolve into a mainstream, 

sustainable modality for combating infectious 

diseases in animals, ultimately contributing to 

global AMR mitigation and improved 

ecosystem health. 
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