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[bookmark: _Toc225473848]Abstract
Antimicrobial resistance (AMR) is a growing worldwide challenge, treatment options for bacterial infections are increasingly limited. Non-typhoidal Salmonella (NTS), particularly Salmonella enterica serovar Typhimurium, poses a serious threat to public health due to rising antimicrobial resistance and can causes invasive bloodstream infections that have a high death rate. This study aimed to identify and isolate exclusively lytic bacteriophages that target multidrug-resistant Salmonella Typhimurium (ATCC 13311) from river water and poultry farm environments in Addis Ababa, Ethiopia, and to assess their potential as alternative treatment. In this study a total of 38 environmental samples were collected from poultry farms and rivers, from 38 samples 22 different bacteriophages were successfully isolated using S. Typhimurium ATCC 13311 as the host strain, with the majority (63.6%) isolated   from river water samples. Spot assay were used to isolate phages, and the double Layer agar method (DLA) was used for purification of isolated phages. PCR-based identification and classification, latent period determination, plating efficiency, burst size, stability testing, and assessment of in vitro bactericidal activity were all included in the characterization. According to host range analysis, all isolates were active against the primary host, and four isolates showed cross-genus efficacy against specific pathotypes of Escherichia coli. The latent periods of the isolated phages ranged from 10 to 20 minutes, indicating a wide range of infection kinetics. Peak titers as high as 10¹³ PFU/mL were attained by some of the most productive isolates, indicating a significant ability for replication. Additionally, the ideal multiplicity of infection differed significantly amongst isolates, ranging from 0.001 to 100. Regarding environmental stability, all phages were active in a pH range of 5 to 9 and withstood temperatures ranging from 4°C to 37°C. The majority of the isolates were classified by molecular analysis into the T4-like and T7-like lineages, two distinct phage groups with known lytic characteristics. This study demonstrates that multidrug-resistant Salmonella Typhimurium ATCC 13311 can be effectively inhibited by locally isolated lytic bacteriophages and supports their potential as safe and effective biocontrol agents for combating MDR S. Typhimurium infection. Furthermore, clinical trials, in vivo research, and genome sequencing are necessary to confirm these phages' effectiveness and safety.

Key words:   S. Typhimurium, AMR, MDR, Lytic Phages, Phage therapy, T4-like and T7-like.
1

iii

iii

[bookmark: _Toc225473849]                                                               CHAPTER ONE
1. [bookmark: _Toc225473850]Introduction
[bookmark: _Toc225473851]Background
Antimicrobial resistance (AMR) is an important global health issue, particularly in low- and middle-income countries like Ethiopia. Salmonella enterica is one of multidrug-resistant (MDR) bacterial pathogens which causes bacterial infections with high morbidity and mortality due to the ineffectiveness of commonly used antibiotics (Kumar et al., 2025; Punchihewage-Don et al., 2024). Specifically, non-typhoidal Salmonella (NTS) serovars, such as S. Typhimurium, cause significant public health concerns (Abdelsattar et al., 2023). In sub-Saharan Africa, these strains often infiltrate normally sterile locations to cause severe invasive non-typhoidal salmonellosis (iNTS) bloodstream infections, which carry high case fatality rates among vulnerable populations, despite the fact that NTS ordinarily causes self-limiting gastroenteritis worldwide (Kumar et al., 2025; Tack et al., 2020). As a result, fluoroquinolone-resistant non-typhoidal Salmonella has been designated by the World Health Organization (WHO) as a high-priority pathogen, underscoring the pressing need for investigation and the creation of substitute antimicrobial approaches(CDC, 2025;Kumar et al., 2025).

Overuse and misuse of antibiotics in clinical settings, agriculture, veterinary medicine, and food production systems are the main contributors for the emergence and spread of AMR S. enterica strains (Abdelsattar et al., 2023; Kumar et al., 2025; Woolhouse, 2024). In poultry farming, farmers use antibiotics for growth promotion besides its therapeutic use which expose the environment for intense selection of MDR strains (Abdelsattar et al., 2023; Em & Aa, 2023).To effectively study and combat the increasing threat of MDR Salmonella, standardized and fully characterized models are important. The bacterial host strain used in this study, Salmonella enterica subsp. enterica serovar Typhimurium ATCC 13311, is a globally recognized, whole-genome sequenced reference strain (Terabayashi et al., 2014). Its well-documented genetic profile and clinical relevance make it an ideal and highly validated target host for the isolation and evaluation of novel biocontrol agents. Given the increasing threat of AMR and the reduced effectiveness of the traditional antibiotic pipeline, there is growing interest in alternative approaches for controlling bacterial infections (Li et al., 2021; Singha et al., 2024).
Bacteriophages, or phages, are naturally occurring viruses that specifically infect and lyse bacterial cells (Abdelsattar et al., 2023; Torkashvand et al., 2024). Their high host specificity, ability to self-replicate at the site of infection, co-evolution with bacterial hosts, and widespread presence in the environment make them attractive candidates for antimicrobial applications (Abdelsattar et al., 2023; Torkashvand et al., 2024). Lytic phages have demonstrated extreme effectiveness in targeting pathogenic bacteria while minimizing disruption to beneficial microbiota and environmental ecosystems (Alexyuk et al., 2022; Amarillas et al., 2024). 

[bookmark: _Toc225473852]Statement of the problem
AMR has become one of the most urgent global health crises of the 21st century. This emergency is caused by the rapid spread of resistant bacterial pathogens alongside declining development of new antibiotics (Ohia et al., 2025; Singha et al., 2024). Among these priority pathogens, fluoroquinolone-resistant and MDR Salmonella species are identified by the WHO as a significant public health threat (Kumar et al., 2025; WHO, 2024). This burden is especially high in sub-Saharan Africa, including Ethiopia, where invasive non-typhoidal salmonellosis (iNTS), mainly caused by S. Typhimurium leads to high morbidity and mortality rates. This is mainly due to the declining effectiveness of available and affordable antimicrobial therapies (Tack et al., 2020).

In Ethiopia, the rising prevalence of AMR S. enterica presents a significant challenge for effective infection management. The emergence of these resistant strains is largely because of agricultural practices, particularly in poultry farming, where intensive antibiotic promotes the selection of MDR phenotypes. Consequently, these resistant pathogens contaminate the surrounding environment, including adjacent river networks and creating complex eco-epidemiological reservoirs (Kumar et al., 2025). Although phages have demonstrated strong potential as precise, biofilm-disrupting antimicrobial agents against drug-resistant bacteria (Lin et al., 2017; Mirmiran et al., 2025), important geographical and methodological gaps remain in the current research. studies on isolating strictly lytic phages from diverse environmental sources in East Africa remain critically lacking. Poultry farm environments and their connected aquatic systems, which are recognized as important sites for Salmonella transmission, have not been adequately explored as potential reservoirs of phages that target virulent multidrug-resistant S. enterica strains (Mirmiran et al., 2025). This shortage of locally sourced and well-characterised viral evidence severely limits the development of context-specific, phage-based interventions to address the regional AMR crisis.
Therefore, systematically isolating and characterizing lytic bacteriophages against the validated reference strain MDR S. Typhimurium ATCC 13311 from different environments in Addis Ababa is an essential and urgent need. This study addressed this gap by isolating and characterizing lytic bacteriophages from poultry farms (including chicken feces, farm soil, and sewage) and river water in Addis Ababa, Ethiopia. Using the well-characterized reference strain S. Typhimurium ATCC 13311 as the primary bacterial host, the isolated phages were evaluated for their ability to specifically infect and lyse the host bacteria. 

[bookmark: _Toc225473853]Rationale of the study
The essential need for regionally appropriate and customized antimicrobial treatments is highlighted by the rising frequency of MDR Salmonella enterica infections. S. enterica is a serious public health risk in Ethiopia, particularly in animal production systems like poultry farms, which serve as important zoonotic transmission reservoirs. A repeatable framework for identifying promising phage candidates with therapeutic and biocontrol potential is provided by isolating and characterizing lytic phages from these crucial environmental sources using the globally standardized, whole-genome sequenced reference strain S. Typhimurium ATCC 13311.
The results of this investigation directly add to the increasing body of empirical data that supports strictly lytic phages as safe and efficient substitute antimicrobials. The research contributes to the creation of context-specific One Health initiatives targeted at stopping disease transmission at the agricultural source by producing locally derived, statistically validated data on phages active against MDR S. enterica.  this research encourages the possible application of phage therapy in Ethiopia and other low-resource environments, supporting international initiatives to find novel, long-term solutions to the antibiotic resistance problem.


[bookmark: _Toc225473854]Objectives
[bookmark: _Toc225473855]General objective
· The general objective of this study was to isolate and characterize strictly lytic bacteriophages MDR Salmonella enterica serovar Typhimurium ATCC 13311 from poultry farm environments and river water samples in Addis Ababa, Ethiopia, to evaluate their potential as alternative therapy.
[bookmark: _Toc225473856]Specific objectives
The specific objectives of this study were:
· To isolate and purify lytic bacteriophages exhibiting antimicrobial activity against Salmonella enterica serovar Typhimurium ATCC 13311.
· To characterize the isolated bacteriophages based on their morphological features, host specificity, lytic properties and genomic characteristics using PCR-based methods.
· [bookmark: _Toc225473857]To evaluate the in vitro lytic efficacy and therapeutic potential of the isolated bacteriophages against MDR S. Typhimurium ATCC 13311.












CHAPTER TWO
2. [bookmark: _Toc225473858]Literature Review
[bookmark: _Toc225473859]Antibacterial Resistance and Antibiotics
The growing global AMR burden has evolved into one of the most important  public health crises of the 21st century (Lin et al., 2017). Recent comprehensive analyses, such as those by the Global Research on Antimicrobial Resistance (GRAM) project estimate that AMR was directly responsible for over one million deaths annually between 1990 and 2021 (The Lancet, 2024). Predictive forecasting models present an even more alarming trajectory, estimating that between 2025 and 2050, AMR could directly cause over 39 million deaths and be associated with 169 million deaths globally (The Lancet, 2024). While there is broad consensus that the indiscriminate use of antibiotics in human medicine has accelerated this crisis (Clevland Clinic, 2023; Lin et al., 2017), the slow development of new antibiotic classes in recent decades has increasingly limited treatment options (Lin et al., 2017; Vermeulen, 2023).
Globally, an estimated 100,000 to 200,000 tons of antibiotics are used annually across medicine and agriculture (Lin et al., 2017). In livestock and poultry production, antibiotics are often administered not only therapeutically but also continuously in low doses for growth promotion (Almashtoub et al., 2025; Smith et al., 2005). This practice creates intense selection for MDR bacteria (Almashtoub et al., 2025). Transmission animal-to-humas through the food chain or agricultural runoff generates large reservoir of AMR which eventually flows into clinical settings. That potentially rival the impact of hospital-to-hospital transmission (Smith et al., 2005).
Among drug-resistant infectious agents, S. enterica more especially, serovars like Typhimurium—represents a crucial point where dangers to human health and agriculture converge. Over 95 million instances of gastroenteritis are caused by salmonella each year worldwide, making it a major source of foodborne zoonotic sickness. (Almashtoub et al., 2025). Poultry and their byproducts are universally recognized as primary reservoirs (Almashtoub et al., 2025). Salmonella species are rapidly acquiring resistance to both first-line antibiotics (such as ampicillin, chloramphenicol, and tetracycline) and critical second-line treatments like fluoroquinolones and advanced cephalosporins (Torres-Boncompte et al., 2025; Zhao et al., 2024). These resistance traits arise through spontaneous chromosomal mutations or horizontal gene transfer (HGT) via plasmids and temperate bacteriophages (transduction) (Makky et al., 2021; Sheraz et al., 2009).
There are still large methodological and geographic gaps in the research that currently discusses AMR mechanisms and worldwide expansion.  High-quality surveillance data from LMICs before to the 2000s is severely lacking, which could distort past figures and projections for these areas in the future(The Lancet, 2024). Furthermore, AMR in animals can be readily detected by cross-sectional studies; however, they frequently lack the longitudinal environmental sampling required to precisely map the transmission dynamics from poultry farms to nearby environmental sources, such as river water.  (Smith et al., 2005).
Sub-Saharan Africa is projected to bear a disproportionately high burden of AMR related mortality. (The Lancet, 2024). However, the environmental reservoirs contributing to this resistance remain underexplored. There is a limited knowledge gap regarding the prevalence and phenotypic profiles of MDR Salmonella in localized agricultural and aquatic ecosystems in East Africa. Given the  growing limitations of conventional antibiotics and the WHO’s call for novel therapeutics (Zhao et al., 2024), relying solely on chemical interventions is no longer sustainable.
[bookmark: _Toc225473860]Salmonella
[bookmark: _Toc225473861]Characteristics
Salmonella is a genus of Gram-negative, rod-shaped, facultatively anaerobic, and non-spore-forming bacteria belonging to  the Enterobacteriaceae family ( Kumar et al., 2021; Kumar et al., 2025). The genus is primarily divided into two species: Salmonella enterica, which encompasses six subspecies and the vast majority of human pathogens, and Salmonella bongori (Kumar et al., 2025). Salmonella exhibits high diversity, with over 2,600 serovars. These are typically classified using the White-Kauffmann-Le Minor scheme, which differentiates strains based on the immunoreactivity of their somatic (O) and flagellar (H) surface antigens (R. Kumar et al., 2025).
Research shows that Salmonella highly evolved intracellular pathogenesis and environmental resilience (Johnson et al., 2018). The bacterium utilizes Type III secretion systems (T3SS-1 and T3SS-2), encoded on Salmonella pathogenicity islands (SPIs), to inject effector proteins into host cells. These proteins manipulate host cell signaling pathways, induce membrane ruffling, and allow the bacterium to survive within a protective Salmonella-containing vacuole (SCV) inside macrophages and epithelial cells. Furthermore, Salmonella has robust survival mechanisms outside the host by forming complex biofilms, composed of cellulose, amyloid fimbriae (curli proteins), and extracellular DNA. This biofilm structure enables it to persist on a wide range of biotic and abiotic surfaces, from gastrointestinal tracts to agricultural processing environments (Punchihewage-Don et al., 2024).
[bookmark: _Toc225473862]Clinical relevance
Salmonella infections are major global health and economic burden, causing between 93.8 million and 153 million cases of gastroenteritis resulting up to 155,000 deaths annually (Mirmiran et al., 2025). The clinical manifestation of salmonellosis depends on the infecting serovar and the host's immunological status. These infections are categorized into two primary syndromes: typhoidal and non-typhoidal salmonellosis. Typhoidal serovars, such as S. Typhi and Paratyphi, are strictly human-adapted and cause severe systemic infections, including typhoid fever. In contrast, NTS such as S. Enteritidis and S. Typhimurium, are zoonotic pathogens with a broad host range, typically transmitted through contaminated water and food products like poultry, eggs, and dairy (Kumar et al., 2025).
Clinical outcomes vary significantly across geographic and demographic groups. In high-income countries, NTS is generally associated with self-limiting gastrointestinal distress. However, in sub-Saharan Africa, iNTS strains like ST313 have undergone genomic degradation to become more human-adapted, causing severe bloodstream infections (Kubicek-Sutherland et al., 2021; Tack et al., 2020). There’s strong consensus that iNTS disproportionately affects vulnerable populations with comorbidities like HIV, malaria, and severe malnutrition(Tack et al., 2020).
[bookmark: _Toc225473863]AMR in Salmonella
The rapid growth of AMR in Salmonella has elevated it to a high-priority global health threat, complicating treatment protocols and increasing mortality rates (Amarillas et al., 2024; R. Kumar et al., 2025). Researches show a rapid shift from single-drug resistance to MDR, extensively drug-resistant (XDR), and pan-drug-resistant (PDR) strains (Kubicek-Sutherland et al., 2021; Punchihewage-Don et al., 2024; Tack et al., 2020). 
The mechanisms driving AMR in Salmonella are multi-faceted:
· Enzymatic Inactivation: Production of extended-spectrum β-lactamases and carbapenemases (Ghaly et al., 2021; Kumar et al., 2025; Punchihewage-Don et al., 2024).
· Target site mutation:  Mutations in genes like gyrA and parC confer fluoroquinolone resistance (Ghaly et al., 2021;Kumar et al., 2025; Punchihewage-Don et al., 2024). 
· Decreased Membrane permeability: alterations in lipopolysaccharides reduce antibiotic uptake (Ghaly et al., 2021; Kumar et al., 2025; Punchihewage-Don et al., 2024).
· Efflux pumps: Active expulsion of antimicrobials via systems such as AcrAB-TolC and MdsABC ( Don et al., 2024). 
Horizontal gene transfer plays a pivotal role in spreading resistance genes among populations through plasmids, transposons, and integrons including the Salmonella genomic island 1, SGI-1. These mechanisms contribute to resistance against critical antibiotics like third-generation cephalosporins and colistin (Franklin et al., 2024; Kumar et al., 2025; Punchihewage-Don et al., 2024). Additionally, the extracellular matrix of Salmonella biofilms physically blocks antibiotic penetration, making conventional chemical treatments ineffective (Punchihewage-Don et al., 2024).Given the depletion of the conventional antibiotic pipeline and the protective nature of bacterial biofilms, chemical interventions alone are inadequate to control the MDR Salmonella crisis (Mirmiran et al., 2025; Ohia et al., 2025). This highlights the urgent need for novel, highly specific alternative therapeutics, such as phage therapy (Mirmiran et al., 2025; Torres-Boncompte et al., 2025).
[bookmark: _Toc225473864]Alternative Therapeutics to Control Antimicrobial Resistance
The depletion of the conventional antibiotics, combined with the rapid adaptability of MDR bacteria, has   a paradigm shift in infectious disease management (Singha et al., 2024). With projections of estimating 10 to 39 million annual deaths by 2050 due to AMR (Singha et al., 2024; The Lancet, 2024), the scientific community is actively exploring alternative antimicrobial agents. These alternatives aim to overcome traditional resistance mechanisms, target novel bacterial pathways, or boost the host’s immune response (Singha et al., 2024). Among the most studied alternatives are antimicrobial peptides, aptamers, probiotics, and phage therapy.
[bookmark: _Toc225473865]Antimicrobial Peptides
Small oligopeptides called antimicrobial peptides (AMPs) are the first line of defense in the innate immune systems of humans, animals, and plants. They are usually made up of 15 to 150 amino acids(Ngashangva et al., 2025; Singha et al., 2024).
 Their widespread efficacy against both Gram-positive and Gram-negative bacteria, fungi, and viruses has been demonstrated by research. AMPs mainly cause disruption, permeabilization, and eventually cell death by attaching to the negatively charged bacterial membranes(Ngashangva et al., 2025; Singha et al., 2024). 
Despite direct lysis, some AMPs enter the cell and inhibit the synthesis of proteins, DNA, or RNA, whereas others function as immunomodulators that enhance the host's ability to eradicate infections( De Oliveira et al., 2024; Ngashangva et al., 2025). Compared to traditional antibiotics, bacteria are typically less likely to become resistant to AMPs since they physically damage the cell membrane rather than focusing on certain biochemical pathways. (Ngashangva et al., 2025). Despite its potential, methodological and physiological problems make AMPs extremely difficult to deploy in clinical and agricultural settings. Natural AMPs are unstable, rapidly broken down by bacterial and host proteases, and have a limited therapeutic window due to their potential to be hemolytic and cytotoxic in mammalian cells, according to in vivo research. Efforts to address these issues include chemical modifications like D-amino acid substitution or cyclization, and using nanomaterial-based delivery systems such as lipid or polymeric nanoparticles ( De Oliveira et al., 2024). However, producing these sophisticated techniques is difficult and expensive Their utility in agricultural biocontrol or mass medicinal applications in environments with limited resources is restricted by their complexity and cost.. (Ngashangva et al., 2025). 
[bookmark: _Toc225473866]Aptamers
Aptamers are short, single-stranded DNA or RNA oligonucleotides that are frequently referred to as "chemical antibodies." They can attach to particular targets with great affinity and selectivity because they fold into distinctive three-dimensional shapes. Aptamers, which are produced in vitro using a method called SELEX (Systematic Evolution of Ligands by Exponential Enrichment), are gaining popularity for use in medicinal and diagnostic applications. According to research, aptamers can effectively stop the development of bacteria, block virulence factors like Staphylococcus aureus alpha-toxin, and stop the production of biofilms by interfering with bacterial adhesion and quorum-sensing pathways(Ye et al., 2024). Compared to conventional monoclonal antibodies, aptamers offer a number of benefits, including reduced production costs, no immunogenicity, and increased thermal stability. However, their effectiveness in vivo is still debated (Ye et al., 2024). One major issue is their vulnerability to degradation by enzymes in biological fluids, especially RNA aptamers. Furthermore, their small size leads to rapid renal clearance, significantly reducing their circulation half-life. Even though researchers modify aptamers to resist enzymatic degradation (Ye et al., 2024), these modifications can sometimes trigger the production anti-PEG antibodies (Zhou & Rossi, 2017). Consequently, while aptamers are very effective for in vitro diagnostics, their use as a therapy for enteric pathogens is still developing and needs much further optimization. 
[bookmark: _Toc225473867]Probiotics
Probiotics involve the administration of live microorganisms mainly Lactobacillus and Bifidobacterium species to restore gut microbiota balance and competitively exclude pathogenic bacteria (Singha et al., 2024). They work through various mechanisms: competing with pathogens for nutrients and adhesion sites, producing antimicrobial metabolites like bacteriocins and organic aciss and modulating host immune response (Mazandarani et al., 2025; Singha et al., 2024). Clinical trials frequently demonstrate their effectivness in mitigating antibiotic-associated dysbiosis and reducing the recurrence of gastrointestinal and urinary tract infections (Mazandarani et al., 2025). However, there is mixed data in the literature about the safety and effectiveness of probiotics in treating MDR illnesses. Adding probiotics to normal antibiotic therapy does not appreciably reduce antimicrobial resistance rates or death, according to a number of randomized controlled trials, including those including ICU patients( Sarita  et al., 2025, Sato et al., 2025). Researchers warn that tetracycline and aminoglycoside resistance determinants, among other antibiotic resistance genes (ARGs), may be concealed in probiotic strains. There is a chance that probiotics could transfer resistance genes to harmful enteric flora like Salmonella because the gastrointestinal system is a hotspot for bacterial interaction ,Probiotics' potential as a stand-alone biocontrol method for MDR pathogens is limited by this possibility of exacerbating the AMR epidemic (Mazandarani et al., 2025, Montassier et al., 2021). 
[bookmark: _Toc225473868]Phage Therapy
 Naturally occurring viruses called phages selectively infect and lyse target bacteria  (Lin et al., 2017; Ly-Chatain, 2014). Phage treatment has been regarded as a possible alternative as the antibiotic crisis worsens because of its unmatched specificity. Phages, in contrast to broad-spectrum antibiotics, self-regulate by only replicating at the infection site, protecting the host's beneficial microbiota(Lin et al., 2017; Ly-Chatain, 2014).Furthermore, Phages have a distinct evolutionary advantage over pharmaceuticals. They encode specific enzymes that actively break down the extracellular polymeric substances (EPS) of bacterial biofilms, including depolymerases. This enables them to destroy populations that are biofilm-embedded and resistant to antibiotics(Lin et al., 2017; Vermeulen, 2023). The research also strongly supports Phage-Antibiotic Synergy (PAS), which holds that combining phages with sub-lethal antibiotic dosages imposes an evolutionary trade-off. If a pathogen changes its surface receptors to repel the phage, it often loses its virulence or becomes resensitized to the antibiotic(Zhao et al., 2024). Even though phage therapy has a lot of potential, not all phages can be used therapeutically. Through horizontal gene transfer, temperate (lysogenic) phages can disseminate dangerous genes by integrating into the bacterial chromosome (Makky et al., 2021; Torres-Boncompte et al., 2025). Therefore, thorough biological and genomic characterization is required to guarantee that chosen candidates are completely lytic and devoid of dangerous genetic components. (Torres-Boncompte et al., 2025). 

There are a number of significant obstacles that prevent phage therapy from being used widely in clinical settings, along with remedies that have been suggested. One major challenge is pharmacokinetics, where phages may be rapidly cleared from the body. Phages can be genetically modified to alter their surface characteristics and optimize pharmacokinetic behavior, or they can be encapsulated in hydrogels or nanoparticles to increase stability, extend circulation duration, and improve targeted administration (Zhimin et al.2024). Bacterial resistance, which occurs when bacteria develop ways to avoid phage infection, is another important problem. This can be addressed by utilizing phage-derived enzymes such endolysins, which can get beyond some bacterial defensive systems, and combination therapy, which combines phages with antibiotics to postpone or stop the development of resistance. Narrow phage specificity is another drawback because individual phages frequently only target particular kinds of bacteria. This can be addressed by creating huge phage libraries or phage cocktails that cover a wider variety of bacterial hosts, as well as by creating synthetic or altered phages with greater host ranges(Ibrahim et al.2026). Furthermore, there are still major manufacturing and regulatory issues, such as the absence of standardized guidelines and challenges in large-scale production. These issues can be resolved by creating clear regulatory frameworks and enhancing industrial-scale manufacturing and purification procedures to guarantee constant quality and safety. Finally, when administered phages are neutralized by the host immune system, immunological response and safety issues emerge. Choosing low-immunogenic phages and employing encapsulation techniques or immunomodulatory methods to lower immune clearance and boost therapeutic efficacy are possible remedies (Fukaya et al.2025).
Phage treatment is becoming interest area as an alternative control strategy for multidrug-resistant strains of S. Typhimurium. Experiments have shown that lytic bacteriophages can effectively reduce S. Typhimurium populations both in animal models and in vitro (Faruk, et al.2025). Regulatory limitations, including standardized therapeutic phage formulations, and lack of extensive clinical trials continue to impede medical acceptance. One major research gap is the limited diversity and geographic representation of phages used in investigations. The majority of characterized phages come from a small number of regions and laboratory collections. In order to increase host-range coverage, adaptability, and efficacy against locally circulating S. Typhimurium strains, there is a significant demand for locally isolated and environmentally diverse phages, particularly from under-sampled regions and wastewater, livestock, and environmental sources. Expanding regional phage isolation efforts is therefore critical for building effective, tailored phage libraries and improving the success of phage therapy in real-world settings (Tung  et al.2025, Segundo et al. 2025).












[bookmark: _Toc225473869]CHAPTER THREE
3. [bookmark: _Toc225473870]Materials and Methods
[bookmark: _Toc225473871]Description of the Study Area
The study was carried out in Addis Ababa, Ethiopia. The region is 2355 meters above sea level and is located at latitude 9.0192o N and longitude 38.7525o E. The selection of sampling sites was based on the possibility of environmental and poultry-associated bacterial contamination. The main sources of the samples were river water sources and poultry farms in the sub-cities of Yeka, Nifas Silk Lafto, and Arada. Global Positioning System (GPS) was used to identify geo-reference of a 9 total of unique sampling locations, as shown in Table 1 and  Figure1.
[bookmark: _Ref223959170][bookmark: _Toc223962302]Table 1: Geographic coordinates of sampling sites in Addis Ababa.
	Sub-City
	Sampling Site
	Latitude (N)
	Longitude (E)

	Yeka
	Ferensay Poultry Farm
	9.065403
	38.790343

	Kaliti
	Poultry Farm
	8.894888
	38.773144

	Nifas Silk Lafto
	Jemo Poultry Farm
	8.959745
	38.713310

	Nifas Silk Lafto
	China River
	8.965904
	38.711764

	Nifas Silk Lafto
	Hana Mariam Poultry Farm
	8.931617
	38.756997

	Nifas Silk Lafto
	Dufa River
	8.932642
	38.755721

	Arada
	Kebena River (Site 1)
	9.035782
	38.778762

	Arada
	Kebena River (Site 2&3)
	9.037622
	38.779024


[bookmark: _Ref223958435][bookmark: _Toc223965477][image: A map of a poultry farm

AI-generated content may be incorrect.] Figure1:The map shows the precise locations of river sampling sites and chicken farms where environmental samples were gathered in Addis Ababa, Ethiopia.
[bookmark: _Toc225473872]Study Design
This study was carried out using a laboratory-based experimental design. S. Typhimurium ATCC 13311 was the target of lytic bacteriophages that were isolated and identified. In Addis Ababa, Ethiopia, chicken farms and adjacent river locations were chosen using a purposive sample technique because to their potential as bacteriophage reservoirs.
[bookmark: _Toc225473873]Host bacterial Strain and Culture Media
The host strain used in this study - Salmonella enterica serovar Typhimurium ATCC 13311, was taken from the Ethiopian Public Health Institute (EPHI). It is a whole-genome sequenced isolate originally recovered from a food poisoning. It is widely used as a model organism in bioinformatics and enteric disease research (Terabayashi et al., 2014). To confirm purity of the obtained stock culture, it was first streaked onto Xylose Lysine Deoxycholate (XLD) agar. After 24 hours of growth, single colonies were inoculated into Tryptic Soy Broth (TSB) supplemented with 15% (v/v) glycerol and stored at 4°C until needed. 
[bookmark: _Toc225473874]Sample Collection
From the four poultry farms and four river sites a total of 38 environmental samples were collected (Figure 2) from November 13, 2024 - March 25, 2025. A variety of environmental samples, such as farm soil, fluid sewage, and chicken fecal droppings were collected from the poultry farms. Additionally, environmental boot sock samples were collected by wearing sterile boot socks and walking in the poultry houses and surrounding areas along a defined route. These samples were then put in sterile plastic bags with saline-magnesium buffer (SM) buffer to facilitate phage release. In order to isolate phages from different water layers, river water samples were also collected. Both superficial and stirred (mixed) water samples were collected from the rivers. All samples were collected aseptically to ensure integrity. Solid poultry samples were collected using sterile fecal cups. Boot samples were handled using sterile covers and plastic bags. Water samples were collected directly into sterile 50 ml Falcon tubes. All samples were placed in an icebox as soon as they were collected and transported to the Health Biotechnology Laboratory, Biotechnology Research Center, Addis Ababa University. The samples were stored at 4°C and processed within 24 hours after arrival.
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[bookmark: _Ref223958722][bookmark: _Toc223965478]Figure 2: Collection of river water and Poultry Farm samples.
[bookmark: _Toc225473875]Sample Processing
Standard microbiological procedures adapted from Esmael et al., (2021) and Sada & Tessema; (2024) were used to process all collected samples for phage isolation. To sediment debris and large particles from the liquid samples including poultry farm sewage and river water were centrifuged at 6,000 rpm for 10 minutes. The resultant supernatants were carefully decanted and filtered through sterile 0.22 μm pore-size membrane filters in order to remove bacterial cells. Solid samples (chicken feces and soil) were suspended in sterile TSB and then homogenized to break down aggregates. The suspension was then placed on a shaker overnight at room temperature to maximize the release of viral particles and facilitate initial amplification. After incubation, the suspension was subjected to the same centrifugation and filtration procedures described for liquid samples. The resulting bacteria-free filtrates were immediately used for subsequent isolation steps.
[bookmark: _Toc225473876]Enrichment of Bacteriophages
Following sample preparation, enrichment of bacteriophages was performed using S. Typhimurium ATCC 13311 as the host bacterium. The host strain was grown overnight in TSB at 37°C and used as the propagation host for enrichment experiments. For the enrichment process, 500 µL of each filtered environmental sample supernatant was mixed with 100 µL of the overnight S. Typhimurium ATCC 13311 culture. This mixture was added to 5 mL of double-strength LB broth supplemented with 100 μl of 10 mM calcium chloride (CaCl2) to facilitate phage adsorption. The cultures were incubated at 37°C for 18 hours to allow for bacteriophage replication. After incubation, the enrichment cultures were centrifuged at 6,000 × g for 10 minutes to remove bacterial cells and debris. The resulting supernatants were filtered through sterile 0.22 µm pore-size syringe filters to obtain Bacterium-Free Phage Lysates (BFP). These lysates were subsequently screened for the presence of lytic bacteriophages using plaque assay methods (Joe et al., 2022; Sada & Tessema, 2024; Yousefi et al., 2023).
[bookmark: _Toc225473877]Isolation of Bacteriophages
[bookmark: _Toc225473878]Bacteriophages were isolated using the double-layer agar (DLA) plaque assay, adapted from the protocols described by Sada & Tessema, (2024) and Yousefi et al., (2023) with minor modifications. Each filtered BFP was tested against the host strain S. Typhimurium ATCC 13311. For the DLA assay, 100 μL of an overnight S. Typhimurium ATCC 13311 culture and 100 μL of the BFP were mixed and incubated at room temperature for 10 minutes to allow for phage adsorption to the host cells. Subsequently, the mixture was added to 3 mL of molten 0.6% Tryptic Soy Agar (TSA) and gently mixed. After that, the suspension was transferred onto 1.5% TSA foundation plates that had already solidified, and it was incubated upright at 37°C for a whole day to create a homogenous top layer. The plates were inspected for distinct plaques (clear zones of lysis) on the bacterial lawn following incubation. Plaques were thought to be a sign that lytic bacteriophages had been successfully isolated from the samples.
Purification of Isolated Bacteriophages
Phage purification was performed according to the methods of Artawinata et al., (2023) and Sun et al., (2022) with little modification. Phage plaques were selected and picked using sterile micropipette tips based on distinct plaque morphology (size, clarity, and edge appearance). The selected plaques were resuspended in 500 μL of sterile saline–magnesium (SM) buffer (100 mM NaCl, 25 mM Tris-HCl, 8 mM MgSO₄, pH 7.5, 0.01% gelatin). To enable phages to diffuse from the agar matrix, the suspension was gently vortexed and incubated at 4°C for an hour. After being incubated to sediment agar pieces and cellular debris, the suspension was centrifuged at 10,000 × g for 10 minutes at 4°C. To get a purified monophage solution, the resultant supernatant containing the eluted phage particles was carefully transferred to a new sterile tube and filtered using a syringe filter with a pore size of 0.22 μm. The monophage suspension performed three rounds of single-plaque isolation and propagation using the DLA method in order to guarantee a genetically homogeneous population. For temporary storage, the final purified bacteriophage isolates were kept at 4°C. These isolates were then utilized to extract genomic DNA and assess lytic activity against the host bacterium in vitro.
[bookmark: _Toc225473879]Phage Titer Determination
The DLA method was used to calculate the bacteriophage titer. The isolated BFP lysates were serially diluted ten times in sterile SM buffer (100 mM NaCl, 25 mM Tris-HCl, 8 mM MgSO4, pH 7.5, 0.01% gelatin). An 18-hour log-phase culture of S. Typhimurium ATCC 13311 (100 μL) was combined with 50 μL of the phage suspension from each dilution. This mixture was quickly poured onto the surface of TSA plates that had already set after being added to 5 mL of molten soft agar and lightly stirred to achieve homogeneity. The plates were incubated for 24-hour aerobic incubation at 37°C. In order to reduce counting mistakes, plates with between 30 and 300 plaques were chosen for precise titer determination after the plaques were counted. Triplicates of each titration were carried out(Sada & Tessema, 2024). The following formula was used to compute and express phage titers as plaque-forming units per milliliter (PFU/mL):

[bookmark: _Toc225473880]Characterization of isolated phages
[bookmark: _Toc225473881]Host range determination
[bookmark: _Toc225473882]By measuring the isolated bacteriophages' lytic activity against several bacterial strains using the spot test method, their host range was determined. The panel included Escherichia coli pathotypes (Enteropathogenic Escherichia coli (EPEC 46A), Enterotoxigenic Escherichia coli (ETEC 73A), Enteroinvasive Escherichia coli (EIEC C24), Enteroaggregative Escherichia coli (EAEC 02A), Shiga toxin-producing Escherichia coli (STEC C12), clinical isolates of Klebsiella pneumoniae (TA-SP-17, TA-SP-54, TA-SP-04, TA-SP-28), Pseudomonas aeruginosa, and Staphylococcus aureus. Every test strain was acquired from Addis Ababa University's Biotechnology Research Center's culture collection. The DLA overlay method was used to prepare a lawn for every bacterial strain. To create a homogenous bacterial lawn, 100 μL of bacterial culture and 3 mL of molten soft agar were combined for each isolate and placed on top of a TSA foundation plate that had already solidified. Using sterile micropipette tips, 10 μL of pure phage solution was applied to the surface of each bacterial lawn once the overlay had solidified. As a negative control, SM buffer was added. After allowing the plates to dry at room temperature, they were aerobically incubated for 24 hours at 37°C. Plates were checked for lysis at the indicated sites after incubation. The bacterial strain's susceptibility to the tested phage was shown by clear zones, which were recorded as complete lysis, and murky zones, which were reported as partial lysis.
3.10.2. Efficiency of Plating (EOP) Determination
The ability of particular bacteriophages to form plaques on various susceptible bacterial hosts in comparison to their original host was evaluated using the efficiency of plating (EOP). Following previously outlined procedures, EOP testing was carried out for phages that demonstrated lytic activity in the spot assay screening on host range determination. (Mirzaei & Nilsson, 2015; Sada & Tessema, 2024). Every strain of bacteria was cultivated at 37°C to produce a culture that was actively developing. For every phage stock, ten-fold serial dilutions were made in SM buffer. The matching bacterial culture (100 μL) and 100 μL of the diluted phage suspension were combined for each dilution, and the mixture was briefly incubated to promote adsorption. The mixture was then combined with molten soft agar and poured onto pre-solidified TSA base plates. Plates were incubated aerobically at 37°C for 24 hours, then plaques were counted, and PFU/mL values were determined. All assays were performed in triplicate. EOP was calculated as the ratio of the mean phage titer (PFU/mL) obtained on the test strain to the mean phage titer obtained on the host : (Salmonella Typhimurium ATCC 13311), as shown:    EOP = 
Based on EOP values, phage infectivity was classified according to Khan Mirzaei and Nilsson (2015), High efficiency (EOP ≥0.5), Medium efficiency (0.1≤ EOP <0.5), Low efficiency (0.001≤ EOP <0.1), and Inefficient (EOP <0.001).
[bookmark: _Toc225473883]Optimal multiplicity of infection (MOI)
The optimal Multiplicity of Infection (MOI) was determined to identify the phage-to-host ratio that yielded highest progeny. An exponentially growing culture of S. Typhimurium ATCC 13311 was infected with bacteriophages at five different MOI ratios: 100, 10, 1, 0.1, 0.01, and 0.001. The infected cultures were incubated at 37°C for 6 hours for multiple rounds of phage replication. Following incubation, the suspensions were centrifuged at 6,000 rpm for 10 minutes to pellet bacterial cells and debris. The supernatant containing the progeny phages was carefully recovered and filtered through a 0.22 µm pore-size syringe filter to ensure the complete removal of bacterial cells (Ameen et al., 2022). Bacteriophage titers were subsequently determined using the DLA assay. All MOI experiments were performed in triplicate. The ratio of infectious virions to host cells that results in the highest peak titer was identified as the optimal MOI of the isolated phage.
[bookmark: _Toc225473884]One-Step Growth Experiment
A one-step growth experiment was performed to characterize the replication dynamics of the isolated bacteriophages, following the method described by (Liao et al., 2019) with minor modifications. S. Typhimurium ATCC 13311 was cultured in TSB at 37°C overnight and sub-cultured into 5 mL of fresh TSB until mid-log phase (OD₆₀₀ ≈ 0.5). The bacterial culture was infected with bacteriophage at MOI of 0.01 to support a single-cycle infection analysis. The phage–host mixture was incubated at room temperature for 2 minutes to allow adsorption. Following adsorption, the mixture was centrifuged at 10,000 × g for 2 minutes at 4°C to pellet infected bacterial cells and remove un adsorbed phage particles. The supernatant was discarded, and the pellet was gently resuspended in 5 mL of pre-warmed TSB. The suspension was incubated at 37°C with shaking for 60 minutes. Aliquots of (500 μL) were collected at 10-minute intervals. The cell-free phage lysate was obtained by centrifuging each aliquot at 10,000 × g for 30 seconds and filtering the supernatant through a 0.22 μm membrane filter. Using the DLA assay, phage titers (PFU/mL) were calculated at each time point. Every experiment was carried out in triplicates.
[bookmark: _Toc225473885]Determination of Phage Stability
3.1.1.1. Thermal Stability
By incubating phage suspensions at various temperatures, the thermal stability of the isolated bacteriophages was assessed. Phage stocks were incubated for one hour at 4°C (control), 25°C, 37°C, 45°C, 50°C, and 60°C after being diluted tenfold in SM buffer. Following incubation, phage titers (PFU/mL) were measured using the previously published DLA assay. Plaques were counted after plates were incubated for eighteen hours at 37°C. Every experiment was carried out three times. Using the following formula, phage viability was calculated as the proportion of infectious particles that survived in comparison to the 4°C control:
Survival (%) =  *100

3.1.1.2. pH Stability
The pH stability of the bacteriophages was assessed by exposing phage suspensions to SM buffer adjusted to pH 3, 5, 7 (control), 9, and 12. Buffer pH was adjusted using 1 M HCl or 1 M NaOH prior to phage addition. Phage suspensions were diluted tenfold ratio into the pH-adjusted buffers and incubated at 37°C for 1 hour. A control suspension was incubated in SM buffer at pH 7.0. Following incubation, phage titers were determined using the double-layer agar DLA assay. All experiments were performed in triplicates.
Phage viability was expressed as a percentage relative to the pH 7.0 control as follows:

Survival (%) =  *100

[bookmark: _Toc225473886]Molecular characterization of isolated phages

3.1.1.3. Phage DNA Extraction
The DNA extraction was done following the method described by (Jakočiūnė & Moodley, 2018) with minor modifications. The DNeasy Blood & Tissue Kit (Qiagen) was used to extract genomic DNA from the purified bacteriophage lysates, with modifications to guarantee the elimination of host bacterial nucleic acids. In order to break down any remaining bacterial DNA and RNA, 50 µL of DNase I buffer (10×), 1 µL of DNase I (1 U/µL), and 1 µL of RNase A (10 mg/mL) were added to 450 µL of the filter-sterilized phage lysate. The mixture was incubated without shaking for 1.5 hours at 37°C. To inactivate the nucleases, 20 µL of 0.5 M EDTA (final concentration 20 mM) was added after the incubation period.20 µL of Proteinase K (20 mg/mL) and 200 µL of Buffer AL (lysis buffer) were added to the capsid proteins to digest them and liberate the phage genomic DNA.  After thoroughly vortexing the mixture, it was incubated for 1.5 hours at 56°C. Following lysis, 200 µL of 99.9% ethanol was added, and the mixture was vigorously vortexed. A 2 mL collection tube containing a DNeasy Mini spin column was filled with the mixture. For one minute, the column was centrifuged at 6,000 × g. Until the full sample was loaded, this process was repeated. Buffer AW1(500 µL) (centrifuged at 6,000 x g for one minute) and 500 µL of Buffer AW2 (centrifuged at 20,000 × g for three minutes) were used to wash the column. The column was centrifuged once more at 20,000 × g for one minute in a new collecting tube to guarantee the total elimination of any remaining ethanol. After the DNeasy column was put in a sterile 1.5 mL microcentrifuge tube, the membrane was promptly treated with 30 µL of Buffer AE. Centrifugation at 6,000 × g for one minute was used to elute the DNA after it had been incubated for one minute at room temperature. The eluate was re-applied to the column and centrifuged once more in order to optimize DNA yield. A NanoDrop spectrophotometer was used to measure the isolated phage DNA's concentration and purity. The DNA was then kept at -20°C for use in further processes.
3.1.1.4. PCR based characterization
The conventional PCR assay was carried out by using specific PCR primers (Table 2). Each PCR assay was performed in 25 µl final reaction volume containing, 2.5 µL PCR buffer, 2.5 µL of MgSO4, 0.5 µL of dNTP, 0.5 µL of each forward and reverse primers, 1.5 µL of Taq DNA polymerase (8U), 14 µL of nuclease free water and 3 µL of DNA template. The same reaction mixture without template DNA was used as a negative control. Amplification was carried out with an initial denaturation temperature of 94 °C for 5 min followed by 35 cycles of each consisting of 40 s of denaturation, 40 s of annealing, 1 min of extension. The last amplification cycle included an additional step of final extension at 72 °C for 10min. All amplifications were carried out in a Prima 96 plus thermal cycler (Himedia India). The PCR product  was subjected to 1.5%  agarose gel electrophoresis to analyze DNA fragments at 100 V for 1hr in 1X TAE buffer. A 100-bp DNA molecular weight marker was used to estimate the product size. The resulting DNA bands were visualized and documented using a UV gel documentation system.

[bookmark: _Ref223959253][bookmark: _Toc223962303]Table 2: Primer used for characterization of phages
	Gene
	Family
	Sub-family
	Genus
	Sequence (5’→3’)
	
	Annealing Temp. 
	Product Size (Bp) 
	Ref. 

	[bookmark: _Hlk233014395]MCP
	Myoviridae
	Tevenvirinae

	T4-like

	fw: CCC TGC TGT TCC AGA TCG ANA ARG ARG C
	 

52
	
240 Bp
	








Aprea et.el 2018
Duchm
et.el 2018

	
	
	
	
	rev: CTG CCT GGC GTA CTG GTC DAT RWA NAC
	
	
	

	
	
	Ounavirinae
	FO1-like
	fw: CGC CAT TGA AGA ACT GCG TRW RCA YAT GGA
	52
	
519Bp
	

	
	
	
	
	rev: GGC ATC ATA TAG GAA TGC GCY TCR AAR TC
	
	
	

	MCP
	Podoviridae
	Autographivirinae
	T7-like
	fw: GAC AAG CGG AAG GAC ATC AAN CAY ACN GAR A
	52
	

461 Bp
	

	
	
	
	
	rev: CGC GTA GTT GGC GGC RTT NGG CAT NA
	
	
	

	McoP
	Siphoviridae
	-
	T5-like
	MCF-2F: GCG TGA TGG TTG GGA TGG TA
	56
	

200Bp
	

	
	
	
	
	MCF-2R: GAC GCT CAA TCT GAC GAC CA
	
	
	



[bookmark: _Toc225473887]Statistical analysis and Data visualization
[bookmark: _Toc225473888]All statistical analyses and graphical data visualizations were conducted using R programming language (R version 4.5.2) (2025-10-31). R programs were used to organize and handle the data, and graphical representations were produced to make it easier to interpret and compare the phage features of different isolates. Tables and figures were prepared to clearly illustrate the distribution of host range results, and quantitative measurements obtained during the study. 
CHAPTER FOUR
4. [bookmark: _Toc225473889]Results
[bookmark: _Toc225473890]Isolation of Lytic bacteriophage
[image: A graph of different colored squares

AI-generated content may be incorrect.]A total of 38 environmental samples were collected from poultry farms including feces, soil, boot sock samples, manure, and farm sewage where available and river sites including superficial and stirred/mixed water in Addis Ababa, Ethiopia. All samples were screened for the presence of bacteriophages using S. Typhimurium ATCC 13311 as the isolation host. From the 38 samples processed, 22 distinct bacteriophages were successfully isolated. Across the different environmental sources, variation in isolation yield was observed. The majority of the isolates (14/22; 63.6%) were from river water samples. Phages from kebena and China rivers samples dominated among the isolate from the river samples. The remaining isolates (8/22; 36.4%) were from poultry farm samples. Ferensay poultry farm yielded the highest number of phages among poultry farm sites (6 isolates). The bar graph illustrated on Figure 3: shows the number of bacteriophages isolated from each sample location.
[bookmark: _Ref233027298][bookmark: _Ref233027664][bookmark: _Ref223959509][bookmark: _Toc223965479]Figure 3:shows the number of Salmonella lytic bacteriophages isolated from each location.
[bookmark: _Toc225473891][bookmark: _Hlk224031294]Isolation of Salmonella Typhimurium bacteriophages 
The isolated phages produced distinct plaques on S. Typhimurium ATCC 13311 lawns. The purified isolates have different plaque morphologies, clear plaques, both small and large, with well-defined edges being the most prevalent ones. Additionally, haloed plaques, which had surrounding zone of reduced turbidity beyond the main plaque boundary were observed. Some isolates also produced bull’s-eye plaques with a distinct central clearing with a peripheral ring, Figure 4 shows Representative plaque morphologies of isolated bacteriophages. 
[image: ]
[bookmark: _Ref233021161]Figure 4: Representative plaque morphologies of isolated bacteriophages. A. middle, well-defined plaques surrounded by concentric rings. B. large plaques with halo zones. C. large plaques with halo zones, D. High-density, small clear plaques, E: Medium-sized, clear plaques. F. High-density, small clear plaques.
[bookmark: _Toc225473892]Determination of Bacteriophage Titer
[bookmark: _Toc223962304][bookmark: _Ref223959710]Using the DLA assay, viral titers were determined as plaque-forming units per milliliter (PFU/mL). The results showed significant variability in phage productivity among the isolates. Titers ranging from 1.43*10⁶ PFU/mL to 9.4*1012 PFU/mL were recorded. The lowest productivity was observed in an isolate recovered from a superficial water sample at Kebena River Site 2 (KS2B) (1.43*10⁶ PFU/mL). In contrast, the highest titer was recorded for the CS1 phage isolate, recovered from a superficial water sample from the China River, which reached a concentration of 9.40*1012 PFU/mL, overall titers and morphological characteristics are placed in Table 3.
[bookmark: _Ref233019560]Table 3: Titers and morphological characteristics of isolated Salmonella lytic bacteriophages.
	Phage ID
	Titer (PFU/ml)
	Plaque Size
	Clarity
	Edge/Margin

	Ff1B2.1
	3.10 × 10¹⁰
	Small
	Clear
	Haloed

	LJB1
	3.10 × 10¹⁰
	Small
	Clear
	Sharp

	Ff1B
	5.20 × 10¹⁰
	Medium
	Clear
	Sharp

	Ff2T2
	3.20 × 10⁹
	Small
	Clear
	Sharp

	F2T2
	9.10 × 10¹¹
	Small
	Clear
	Sharp

	MHF
	3.80 × 10⁹
	Medium
	Clear
	Sharp

	Ff1T2
	3.20 × 10⁸
	Small
	Clear
	Bull's eye

	Ff2B
	3.50 × 10⁹
	Small
	Clear
	Sharp

	KM1
	2.08 × 10⁹
	Small
	Clear
	Sharp

	KS3
	1.20 × 10⁹
	Medium
	Clear
	Sharp

	KM3
	1.22 × 10¹⁰
	Small
	Clear
	Sharp

	KS2S
	4.30 × 10¹⁰
	Small
	Clear
	Sharp

	KS1S
	3.10 × 10⁹
	Medium
	Clear
	Sharp

	KS1B
	5.20 × 10⁸
	Medium
	Clear
	Haloed

	KM3B
	4.60 × 10¹²
	Small
	Clear
	Haloed

	KS2B
	1.43 × 10⁶
	Small
	Clear
	Sharp

	KM2
	5.40 × 10¹⁰
	Small
	Clear
	Sharp

	KM1S
	7.10 × 10¹⁰
	Small
	Clear
	Sharp

	CM1(1)
	9.00 × 10¹²
	Large
	Clear
	Haloed

	CM1(2)
	1.37 × 10⁹
	Medium
	Clear
	Bull's eye

	CM2
	4.50 × 10¹⁰
	Large
	Clear
	Haloed

	CS1
	9.40 × 10¹²
	Large
	Clear
	Bull's eye



[bookmark: _Toc225473893][bookmark: _Hlk224031650]Determination of host range
The host range of the isolated phages were evaluated by spot assay against a panel of non-target bacterial strains, including five Escherichia coli pathotypes (EPEC, ETEC, EIEC, EAEC, and STEC), four clinical strains of Klebsiella pneumoniae (TA-SP-17, TA-SP-04, TA-SP-54, and TA-SP-28), Staphylococcus aureus and Pseudomonas aeruginosa. All phage isolates exhibited lytic activity against the primary isolation host, S. Typhimurium ATCC 13311, producing discrete plaques on the host lawn. In contrast, no lytic activity was observed against P. aeruginosa or any of the K. pneumoniae strains under the tested conditions, indicating a restricted host range with respect to these genera. Phages KM3, KM3B, KM1, and Ff1B demonstrated cross-genus activity against E. coli, producing lysis on at least one E. coli pathotype. Phage KM3 and Ff1B displayed lysis on ETEC and STEC. Phages KM3B and KM1 also produced lysis on ETEC only as shown on  Figure 5 host range heat map. While plaques on the host were typically clear, the lysis observed on E. coli lawns were turbid, suggesting reduced infection efficiency and/or incomplete lysis on the non-target host compared with the primary host bacterium. Representative Spot assay for Host range characterization is shown in Figure 6. 
[bookmark: _Ref223960265][bookmark: _Toc223965481][bookmark: _Ref231154055][bookmark: _Ref223960294][bookmark: _Toc223965482][image: A graph with blue squares and black text
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Figure 5: Host range activity of isolated phages
[image: ]
[bookmark: _Ref231154118]Figure 6: Representative spot assay for host range characterization
[bookmark: _Toc225473894]Efficiency of Plating (EOP)
[bookmark: _Hlk224031767]To quantify productive infection of selected phages on non-target hosts, the EOP was calculated as the ratio of phage titer (PFU/mL) on a test strain to the titer on the primary host S. Typhimurium ATCC 13311. EOP analysis was performed for the phages Ff1B, KM3, KM3B and KM1 against the E. coli pathotypes for which lytic activity had been observed in spot assays. All tested phages to E. coli combinations demonstrated very low plating efficiency (EOP < 0.001). EOP values ranged from 7.65×10−7 (KM1 on ETEC) to 3.28×10−9 (KM3 on STEC), indicating reduced productive infection on E. coli relative to the Salmonella host. These low EOP values, together with the predominantly turbid plaques observed on E. coli lawns, suggest that although these phages can initiate infection on selected E. coli pathotypes, successful replication and/or plaque formation is strongly limited compared with the primary host under the tested conditions, overall efficiency of Plating (EOP) shown in Table 4.



[bookmark: _Ref231153443][bookmark: _Toc223962305]Table 4: Efficiency of Plating (EOP) of selected phages on E. coli lawn.
	[bookmark: _Toc225473895][bookmark: _Hlk223449446]
Test Strain
	Reference host
	Test strain
	PFU_host mean
	PFU_test mean
	EOP
	Comment

	Ff1B
	STy_ATCC13311
	ETEC_73A
	1.52 × 10¹⁰
	1.00 × 10⁴
	6.58 × 10⁻⁷
	very low efficiency

	Ff1B
	STy_ATCC13311
	STEC_C12
	1.52 × 10¹⁰
	3.00 × 10³
	1.97 × 10⁻⁷
	very low efficiency

	KM3
	STy_ATCC13311
	ETEC_73A
	1.22 × 10¹²
	8.00 × 10³
	6.56 × 10⁻⁹
	very low efficiency

	KM3
	STy_ATCC13311
	STEC_C12
	1.22 × 10¹²
	4.00 × 10³
	3.28 × 10⁻⁹
	very low efficiency

	KM1
	STy_ATCC13311
	ETEC_73A
	1.96 × 10⁹
	1.50 × 10³
	7.65 × 10⁻⁷
	very low efficiency

	KM1
	STy_ATCC13311
	EIEC_C24
	1.96 × 10⁹
	7.00 × 10²
	3.57 × 10⁻⁷
	very low efficiency

	KM3B
	STy_ATCC13312
	ETEC_73A
	1.84 × 10⁹
	6.00 × 10²
	3.30 × 10⁻⁷
	very low efficiency



Determination of Optimal Multiplicity of Infection (MOI)

[bookmark: _Hlk224031794]The isolates displayed a wide range of optimum MOIs from 0.001 to 100, with peak titers ranging from 106 to 1010 PFU/ml. Phages CM1(1) and CS1 showed significant infectivity. These isolates attained maximal titers of 4.9 * 1010 and 4.4 * 109 PFU/ml, respectively, at a relatively low MOI of 0.001. To get maximal yields, isolates Ff1B and KM3 needed high MOIs of 100. Their peak titers, 1.9 * 108 and 2.6 * 109 PFU/ml, were nevertheless lower than those of the low-MOI group despite the large dosage. This need for high starting concentrations could indicate ineffective adsorption or the Lysis from Without phenomena, in which high phage density kills host cells before substantial replication can take place.  Figure 7 displays the isolated phages' overall MOI result.
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[bookmark: _Ref223960546][bookmark: _Toc223965483]Figure 7: MOI of the isolated phages.
[bookmark: _Toc225473896]One-Step Growth Curve and Infection Kinetics
[bookmark: _Hlk224031829]The latent periods of the isolated phages ranged from 10 to 20 minutes, and they showed different initial kinetic characteristics. The outcome demonstrated quick adsorption and intracellular phage replication. Quick initial infection cycles were shown by isolates Ff1T2, F2T2, and CM1(2), with a latent duration of just 10 minutes. The latent phase for KM1, MHF, and Ff1B2.1 was a typical 20 minutes. The cultures experienced rapid multi-step amplification after this initial latency, and most phages reached a stable maximum plateau between 40 and 50 minutes after infection (Figure 8).
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[bookmark: _Ref223960636][bookmark: _Toc223965484]Figure 8: One step growth curve
[bookmark: _Toc225473897]Thermal Stability
[bookmark: _Hlk224031848]The isolated phages' thermal stability was evaluated during an hour-long incubation session at temperatures ranging from 4°C to 60°C.The results shown in Figure 9 reveal a greater degree of stability at lower temperatures and a clear divergence in thermal tolerance as temperatures exceeded 45°C.All of the isolates, 100% (n=22) showed complete stability between 4°C and 37°C.   Titers across this range remained within 0.2 to 0.5 log units of the initial control 4°C.This indicates the integrity of the phages is maintained in typical environmental and physiological host circumstances. At 50°C, the first thermal deterioration threshold was found. All of the isolates100% (n=22) kept viable titers over 108 PFU/ml at 45°C. They started to diverge at 50°C; 36.4% (n=8) showed a decrease in titer greater than 1.5 log units, whereas 63.6% (n=14) of the isolates retained stability. For the isolates, exposure to 60°C constituted the greatest selective pressure. With titers below the 105 PFU/ml visualization baseline, the majority of the isolated phages, 77.3% (n=17), demonstrated a total or nearly total loss of vitality. Titers exceeding 105 PFU/ml were maintained by a resilient minority, accounting for 22.7% (n=5) of the isolates. Isolates Ff1T2, Ff1B2.1, KM1S, CS1, and KM3 in particular showed exceptional thermal resilience by enduring the high-temperature stress
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[bookmark: _Ref223960775][bookmark: _Toc223965485]Figure 9: The isolated phages' thermal stability.
[bookmark: _Toc225473898]pH stability
[bookmark: _Hlk224031866]The pH stability of the isolated phages was evaluated throughout a broad pH range of 3 to 12(Figure 10). At pH 7.0, all isolates demonstrated an optimal stability with high viability and structural integrity. A broad stability plateau was observed between pH 5.0 and 9.0. However, extreme environmental conditions revealed critical survival thresholds. significant titer reductions were observed at pH 3. Nevertheless, isolates CS1 and CM2 displayed remarkable acid-tolerance. Furthermore, almost all isolates were lethal at pH 12 except isolate MHF. It maintained a surviving titer of 2.4 * 108 PFU/ml. 
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[bookmark: _Toc223965486][bookmark: _Ref233021914][bookmark: _Toc225473899]Figure 10: pH stability of the isolated phages
4.10. Molecular characterization of isolated phages
[bookmark: _Hlk224031883]To characterize the genetic diversity and taxonomy of the 22 bacteriophage isolates, PCR-based screening was performed. Four primer sets targeting major phage lineages T4-like, FO1-like, T7-like, and T5-like were used. Half of the isolated phages (11 isolates; 50%) produced positive amplification with the Myoviridae (T4-like) primer, indicating T4 lineage. The remaining 10 isolates (45.5%) were successfully amplified using Podoviridae (T7-like) primer, confirming their classification as T7-like phages. No amplification was observed when screened using the Myoviridae (FO1-like) primer sets. A single isolate (4.5%) demonstrated a negative result across all four primer sets. Overall, molecular classification indicates that the isolated phages are dominated by T4-like and T7-like bacteriophages as illustrated on Figure 11 and Figure 12 and Figure 13 Shows PCR result.
[image: ]
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[bookmark: _Ref231158261]

Figure 11: Molecular characterization of isolated phages.
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[bookmark: _Toc223965488]

[bookmark: _Ref233021971]Figure 12: Distribution of isolated bacteriophages categorized as Podoviridae (T7-like): lane M: DNA ladder (100+), PCR amplification product size of ten T7 isolates was 461 bp . lane 1: F2T2, lane2: Ff1B, lane3:CS1, Lane 4: CM1(1), lane 5: CM1(2), lane 6: Ff2b, lane 7: KM1, Lane 8: Ff1T2, Lane 9: KS1B, lane 10: KS2S.
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[bookmark: _Toc223965489]





[bookmark: _Ref233022014]Figure 13: Distribution of isolated bacteriophages classified as Myoviridae (T4-like): PCR amplification product of 11 T4 isolates product size was 240 bp; lane M: DNA ladder (100plus), lane 1:KM1S, lane2: MHF, lane3: KM3B, lane 4:KM3, lane 5: CM2, lane 6: KS3, Lane 7: Ff1B2.1 , lane8: LJB1 , lane 9:Ff2T2 , lane 10:KS1S ,Lane11: KM2,Lane12:NC.

[bookmark: _Toc225473900]CHAPTER FIVE
5. [bookmark: _Toc225473901]Discussion
The successful isolation of 22 phages from 38 environmental samples, yielding a total of 57.9%, highlights how phages with ubiquitous nature are common in environments where their host bacteria are present (Aprea et al., 2015). River water samples, particularly those from Kebena and China rivers had the highest isolation yield (63.6%). This result is consistent with earlier research that have identified rivers, natural water bodies, and sewage systems as the main reservoirs of enteric pathogens and their specific phages. This is as a result of the accumulation of sewage, and fecal contamination, and agricultural runoff (Ahamed et al., 2023; Alexyuk et al., 2022). In addition, phages were successfully isolated from poultry farm sources (36.4%), particularly the Ferensay farm, which is directly related to the natural colonization of Salmonella within the poultry food chain (Torres-Boncompte et al., 2025). The presence of these phages in poultry environments supports a natural predator-prey relationship. This suggests that these local environments are important hunting grounds for phages with potential applications in agricultural biocontrol.

The diversity in plaque morphology observed from the isolated phages indicates the potential for the variety of biological properties to be exhibited by these phages. The presence of clear plaques with well-defined margins strongly suggests that these isolates are strictly lytic phages (Liu et al., 2020). Rapid and complete lysis of the host cell, demonstrated by clear plaque formation, is important for selecting phages for therapeutic or biocontrol applications, as it diminishes the risk of lysogeny and horizontal gene transfer (Liu et al., 2020; Torres-Boncompte et al., 2025). Moreover, the heterogeneity of plaque size is indicative of a diverse viral population. In general, smaller phages diffuse faster through semi-solid agar, producing resulting in larger plaques. Unlikely, larger plaques are often formed by phages with larger physical dimensions or slower replication kinetics (Hyman, 2019). Furthermore, a well-known indicator of phage-encoded soluble enzymes, particularly exopolysaccharide depolymerases, is the development of a semi-transparent halo represented by a zone of decreased turbidity outside the primary margin of cell lysis. (Amarillas et al., 2024; Liu et al., 2020; Torres-Boncompte et al., 2025; Ullah et al., 2025). 
Depolymerases are crucial for degrading bacterial capsules and the extracellular polymeric substances (EPS) that form bacterial biofilms (Liu et al., 2020; Torres-Boncompte et al., 2025; Ullah et al., 2025). Phages with depolymerase activity have great advantage in food processing as Salmonella can easily form biofilms that are highly resistant to traditional disinfectants (Torkashvand et al., 2024; Torres-Boncompte et al., 2025). These isolates in particular held potential for advanced surface disinfecting agents. That is due to their ability to enzymatically remove the protective polysaccharide layers and effectively penetrate and kill Salmonella biofilms (Torres-Boncompte et al., 2025). The viral titer measurement is a direct and reliable method to determine the number of viable, infective virions (Santos et al., 2009).  The phage productivity of the isolates in this study was highly variable, with titers ranging from 1.43*10⁶ PFU/mL to 9.4*1012 PFU/mL. This variation highlights the intrinsic biological diversity within environmental phage populations. The wide spectrum of viral yield reflects basic differences between isolates in infection kinetics like variations in their latent periods, adsorption rates, and burst sizes (Abedon, 2025).

Phage CS1 demonstrated a significant productivity reaching a concentration of 9.4*1012 PFU/mL. It was recorded as a highly important finding. This rapid amplification and high titration is an indication of a highly virulent lytic phage with strong replication machinery (Almashtoub et al., 2025). Even when given at a low MOI, it ensures that the phage can beat  bacterial replication by effectively clearing the pathogen (Almashtoub et al., 2025). Furthermore, these isolates are an essential precondition for downstream characterization due to their successful production of high-titer stocks ( >109 PFU/mL) (Mirmiran et al., 2025). High viral concentrations are important in vitro time-kill assays for environmental stability assessment, and the extraction of high quality genomic DNA for whole-genome sequencing (Mirmiran et al., 2025). However, KS2B showed a lower titer (1.43*10⁶ PFU/mL) which indicates a smaller burst size, less ideal laboratory culture conditions, or a slower replication cycle. This emphasizes the need for thorough screening to identify the most effective candidates for formulation into therapeutic phage cocktails (Almashtoub et al., 2025).

In comparison to other distantly related pathogens, the host range of the isolated phages showed a very limited host range. Moreover, all the isolated phages showed no lytic activity against Pseudomonas aeruginosa, Staphylococcus aureus or Klebsiella pneumoniae. This high degree of specificity is a highly desirable characteristic of phages used for theraphy. By specifically targeting pathogenic Salmonella without disrupting the beneficial microbial flora, their specificity ensures that the phages function as precision antimicrobials. In addition, it reduces the risk of dysbiosis, which is commonly associated with broad-spectrum antibiotic treatments (Cheng et al., 2025; Ross et al., 2016). Phages KM3, KM3B, KM1, and Ff1B exhibited cross-genus activity against E. coli pathotypes. This cross-genus activity shows the close evolutionary relationship between Salmonella and Escherichia. These bacteria belong to the Enterobacteriaceae family. They often have highly conserved cell surface structures, such as lipopolysaccharides (LPS) and outer membrane proteins. This structures serve as primary phage binding receptors (Kumar et al., 2021). 

The appearance of clear zones or turbid lysis in a spot assay can indicate "false positives". This is when bacterial cell death occurs without actual viral replication due to "lysis from without"  (Hyman, 2019; Ross et al., 2016). A large number of phage particles adsorb at the same time, causing the bacterial outer membrane to become unstable and the cell to lyse prematurely ( Mirzaei & Nilsson, 2015; Ross et al., 2016). On the other hand, it might indicate an unsuccessful infection in which the phage injects its DNA but stops the replication cycle before new virions are assembled (Mirzaei & Nilsson, 2015). The EOP assay is a crucial metric to distinguish between bactericidal effects and true viral propagation. It quantitatively measures the titer of viable phage progeny produced on a target strain relative to the primary host (Mirzaei & Nilsson, 2015). Extremely low plating efficiencies (EOP < 0.001, ranging from 7.65×10−7 to 3.28×10−9) were obtained from the EOP of Ff1B, KM3, KM3B and KM1 on the susceptible E. coli pathotypes. These results confirm that although these phages are capable of successfully initiating an interaction with E. coli surface receptors, their capacity to cause a productive infection is very limited.
Furthermore, the determination of MOI is a critical parameter for assessing a phage's lytic efficiency and developing  cost-effective, large-scale phage production protocols (Cheng et al., 2025; Pang et al., 2026). A lower optimal MOI indicates that fewer phages are required to successfully dominate and lyse a target bacterial population (Cheng et al., 2025). Phages like CS1 and CM1(1) exhibit exceptional infective efficiency, with high successful adsorption rates and massive burst sizes. They achieved maximum peak titers of 109 to 1010 PFU/mL at an extremely low MOI of 0.001, highlighting their high potency at such low dosages. These phage's natural "auto-dosing" pharmacokinetics to self-amplify at the infection site, thereby reducing the initial viral dose required for treatment and significantly improving the economic efficiency of industrial-scale production (Cheng et al., 2025; Kim et al., 2025).Moreover, most of the isolated phages such as Ff2T2, optimized at moderate MOIs between 0.01 and 1, representing balanced kinetics that require multiple rounds of infection to reach saturation. In contrast, isolates Ff1B and KM3 required an exceptionally high MOI of 100 to reach peak yields, yet their final titers remained comparatively stunted (108 to 109 PFU/mL). This high dosage requirement coupled with a reduced viral yield strongly suggests the occurrence of lysis from without (Ahamed et al., 2023; KS et al., 2017). Lysis from without happens when the bacterial outer membrane is substantially destabilized by the simultaneous adsorption of an excessive number of phage particles. This results early host lysis without real productive viral multiplication (Khan Mirzaei & Nilsson, 2015; KS et al., 2017). The total progeny production is reduced because the bacterial hosts are destroyed before phages can complete a full intracellular replication cycle. 

The isolated phages also displayed an efficient kinetic profile. They have stringent latent periods of 10 to 20 minutes. This suggests that all of the isolates have highly efficient intracellular replication processes and quick adsorption. With a remarkable short latent period of only 10 minutes, isolates Ff1T2, F2T2, and CM1(2) showed accelerated infection cycles. On the other hand, most phages had a typical latent phase of 20 minutes. The length of the latent period is a crucial evolutionary strategy in phage ecology. A shorter latent period allows the phage to swiftly go through several replication cycles before host bacterial populations may become resistant or enter stationary phase(Nabergoj et al., 2017; Pang et al., 2026). Therefore, these phages’ short latent periods support their utility for time-sensitive biocontrol applications.

According to established ecological models, there is often a recognized evolutionary trade-off between the latent period and progeny yield. Longer latent periods give more time for intracellular viral assembly, which leads to higher yields. While phages with very short latent periods typically produce fewer progeny (Abedon, 2025; D. M. P. De Oliveira et al., 2020). However, this study’s quantitative analysis identifies a subset of hyper-productive candidates that effectively overcome this limitation. Because within a synchronized 40- to 50-minute post-infection window, isolates CS1, CM1(1), and CM2 rapidly self-amplified to huge peak plateau titers between 1011 and 1013 PFU/mL. Achieving such extremely high exponential titers highlights successful, multi-step population growth, where newly released virions immediately and effectively infect remaining susceptible hosts (Abedon, 2025).Moreover, the targeted PCR screening revealed population evenly dominated by T4-like (50%) and T7-like (45.5%) lineages. This provides a crucial foundational understanding of the viral diversity of the isolated phages. The predominance of these specific groups is a promising outcome for downstream applications. Both lineages are well known for lacking integrases and having strictly lytic lifecycles. They inherently prevent the risk of lysogenic conversion, which is the horizontal transmission of virulence factors or AMR genes across bacteria by phages (Lin et al., 2017; Makky et al., 2021).

Although conventional morphological classifications offer useful information, these results must be placed in the perspective of the most recent taxonomic changes carried out by the International Committee on Taxonomy of Viruses (ICTV). Recently, the ICTV abolished the morphology-based, paraphyletic groups. T4-like phages were previously found in the Myoviridae family, T7-like phages were found in the Podoviridae family, and the order Caudovirales (Turner et al., 2023). The single class Caudoviricetes currently includes all tailed, double-stranded DNA phages. (Turner et al., 2023). The T4-like isolates are classified as members of the Straboviridae family and the T7-like isolates as members of the Autographiviridae family using this contemporary genome-based taxonomy(Turner et al., 2025). Finally, the incapacity to categorize isolate KS2B using conventional primers emphasizes the enormous need for whole-genome sequencing (WGS) as a conclusive next step to determine the evolutionary origins of unclassified isolates.










6. [bookmark: _Toc225473902][bookmark: _Hlk224031911]Conclusion
The strong antibacterial activity of the bacteriophages identified in this work against antimicrobial-resistant S. Typhimurium shows considerable promise as alternative treatments. This suggests that phage-based techniques may be useful for treating infections brought on by MDR S. Typhimurium. The MDR S. Typhimurium ATCC 13311 reference strain was the target of 22 naturally occurring, exclusively lytic bacteriophages that were successfully identified and described. The high isolation yield indicates that localized aquatic and agricultural effluents are abundant sources of a variety of powerful bacteriophages, especially from river habitats (63.6%).  These phages' remarkable biocontrol capacity was demonstrated by phenotypic and kinetic profiling. With peak offspring yields of up to 10¹³ PFU/mL and fast latent periods of 10 to 20 minutes, the phages demonstrated aggressive infection dynamics. Furthermore, the development of transparent, haloed plaques suggested the presence of phage-encoded depolymerases. The phage library demonstrated a very limited and secure host range from a biosafety standpoint. Cross-genus screening against E. coli revealed incredibly low plating efficiencies (EOP < 0.001), indicating that these phages can act as precision antimicrobials without effectively replicating in or disrupting non-target commensal enteric bacteria, even though they are only active against the primary host. T4-like and T7-like lineages predominate in the library, according to molecular categorization. By reducing the possibility of lysogenic conversion and horizontal gene transfer, the dominance of these obligately lytic lineages guarantees great genomic safety. The locally derived bacteriophages found in this work are extremely effective, safe, and scalable precision treatments due to their strong environmental durability at different pH levels and temperatures. This study lays the groundwork for converting these isolates into useful biocontrol agents to fight the localized AMR epidemic by offering crucial empirical proof of their target selectivity and strong lytic kinetics.




7. [bookmark: _Toc225473903]Recommendations
· It is recommended to conduct further in vivo research to assess these bacteriophages' safety and therapeutic efficacy against Salmonella Typhimurium.
· To identify possible synergistic effects against antimicrobial-resistant bacteria, more research should evaluate the use of bacteriophages in conjunction with antibiotics.
· Future studies should assess how effectively these bacteriophages work against a greater variety of environmental and clinical isolates of Salmonella Typhimurium.
· It is recommended that researchers and public health organizations work together to explore the effectiveness of phage treatment in treating bacterial infections that are resistant to antibiotics.
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