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Chapter 1. Introduction 

1.1. An overview of foodborne pathogens and foodborne illnesses  

Food is one of the vehicles for pathogens and plays a vital transmission route of 

disease due to food-harboring microbial pathogens and environmental contaminations 

(Gallo et al., 2020). Foodborne diseases are the illnesses engaged with eating 

contaminated food or beverages, which have a significant impact on food safety and 

public health globally (Helmy et al., 2023), are among the leading causes of public 

health issues and result in high mortality rates worldwide (World Health Organization, 

2015). Foodborne illnesses occasionally called food poisoning occur as a result of 

eating food contaminated with pathogenic bacteria, viruses, and toxic or hazardous 

substances (Ushijima et al., 2014). Food contamination results in 600 million cases of 

foodborne diseases and 420,000 deaths worldwide every year. 7.69% of the world’s 

population (7.8 billion) experience foodborne diseases every year (Lee and Yoon, 

2021). Bacterial foodborne illness accounted for the major food poisoning incidences 

globally since the pathogens contaminate the foods and then contribute to illnesses in 

human through the foods. Food is an intricate, dynamic ecosystem, supporting 

unwanted development, such as food spoilage, a naturally occurring process attributed 

to undesirable microbial growth and contributing to unacceptable qualities (Iulietto et 

al., 2015). Despite modern food preservation techniques, there is still 25% of food 

produced globally wasted from post-harvest to the table due to microbial spoilage 

(Cenci-Goga et al., 2014).  

Microorganisms are crucial for food production, safety and spoilage. While some 

beneficial microorganisms are essential for food production and giving functions, 

others could cause foodborne illnesses and spoilage. Microbial interactions with food 

complexes can lead to food unsuitable for human consumption (Lorenzo et al., 2018). 

This is because most foodborne microorganisms are naturally pathogenic, causing risks 
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in food safety and foodborne illnesses to food operators, consumers, and society 

(Aladhadh, 2023). The major pathogens causing foodborne illnesses are Salmonella, 

Campylobacter, and Escherichia coli O157:H7 (Food and Drug Administration, 2022). 

However, foodborne pathogens presented in the environment are normally in low 

concentrations, blocked by the human immune system, and usually do not cause serious 

infections. The prevalence of major foodborne illness results from foodborne pathogens 

directly or indirectly contaminating food using them as a vehicle for oral infection while 

the food raw material receiving, processing, and transportation (Tauxe, 2002). 

A foodborne disease outbreak is defined as the occurrence of two or more cases 

of similar illness resulting from the ingestion of a common food (Bintsis, 2017). Food 

safety is a critical issue related to the public health and life safety of the citizens and 

the stability of society (De Jonge et al., 2004). Nonetheless, a growing number of 

foodborne incidences pose a threat to global regulatory authorities and enhance the 

requirement for governments, the food industries, and individuals to make more efforts 

in food safety and prevent foodborne diseases (Bari and Yeasmin, 2018).  

Since the detrimental consequences of foodborne pathogen contamination are 

significant, microbiologists strive to develop novel technologies for the detection and 

control of foodborne pathogens in food systems. The food system, involving food 

production, processing, transportation, and consumption, is highly associated with 

microbial contamination. Numerous methods, including culture-dependent and culture-

independent techniques, have been developed for detecting foodborne pathogens in the 

food supply chain. Strategies based on molecular biotechnology, such as polymerase 

chain reaction (PCR) and next-generation sequencing (NGS), offer rapid and accurate 

detection capabilities (Aladhadh, 2023). With the rapid development of genetic 

technologies, a deeper understanding of large-scale foodborne outbreak cases and the 

elucidation of foodborne pathogens has been achieved, enhancing our ability to develop 

more effective food safety policies and practices. 
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1.2. An overview of enterohemorrhagic Escherichia coli (EHEC) O157:H7 

Enterohemorrhagic Escherichia coli (EHEC) serotype O157:H7 and other 

Verocytotoxin-producing E. coli (VTEC), also known as Shiga-toxin producing E. 

coli (STEC), are zoonotic pathogens associated with outbreaks worldwide (Karmali et 

al., 2010). Cattle and ruminants carry STEC, contaminating the environment and food 

sources. Humans get infected through contact or consumption, causing various 

symptoms (Fig. 1.1). Over 380 different VTEC serotypes have been identified from 

humans and animals, but only a few serotypes are linked to human disease. EHEC 

serotype O157:H7, which is accounted for the major E. coli food poisoning outbreaks 

in the United States (US) (Sperandio and Nguyen, 2012), is a bacterial pathogen that 

causes bloody diarrhea, contributing to a high risk of hemolytic-uremic syndrome (HUS) 

(Wang et al., 2017). In the US, about 96,000 illnesses are attributed to EHEC O157:H7 

annually (Scallan et al., 2011). In Japan, EHEC infection leads to approximately 4,000 

foodborne illnesses cases, comprising 2,500 symptomatic and 1,500 asymptomatic 

cases annually (Furukawa et al., 2018).  

 

 

 

 

 

 

 

 

 

Fig. 1.1. Diagram illustrating the various sources of contamination and pathways of 

Shiga toxin-producing Escherichia coli infection transmission influenced by diverse 

environmental factors. 

https://www.sciencedirect.com/topics/immunology-and-microbiology/zoonotic
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 EHEC serotype O157:H7, has the basic characteristics of E. coli which is a 

facultative anaerobic gram-negative rod bacterium, without spore, flagellated that is 

widespread in the environment but is also an enteric bacterium and inhabits the large 

intestine of mammals. Generally, E. coli is endemic and non-pathogenic in humans. 

However, E. coli that cause enteritis are known as pathogenic E. coli, which are grouped 

based on their mechanism of causing symptoms. There are six types of pathogenic E. 

coli: enteropathogenic, enterotoxigenic, verocytotoxigenic (which included 

enterohaemorrhagic), enteroinvasive, enteroaggregative and diffusely adherent, all of 

which are orally transmitted through food and drinking water (Percival and Williams, 

2014). Among pathogenic E. coli, the most common and most dangerous organism is 

EHEC serotype O157:H7. Additionally, EHEC is known for its strong resistance and 

ability to survive in the external environment. It can tolerate low temperatures and 

survive in the refrigerator for a long period, up to 9 months in ground beef at -20 °C 

and shows no significant change in viability at -80 °C. EHEC can grow rapidly at 

temperatures ranging from 30 °C to 42 °C. However, the bacterium shows poor growth 

from 44 °C to 45 °C and does not grow over 45 °C. EHEC adapts oral-fecal lifestyle in 

cattle and other ruminants. EHEC has an intricate acid resistance (AR) system that 

enables it to survive through the acidic environment of the stomach (Tuttle et al., 1999).  

In 1982, EHEC serotype O157:H7 was firstly recognized as a human pathogen, 

and then several studies reported that the prevalence of EHEC O157:H7 infections has 

increased dramatically since the 1990s (Clarke, 2001). The tendency of gradual increase 

of EHEC O157:H7 infections has become a global public health problem due to their 

strong pathogenicity, lethality, and the risk of using antibiotic treatment exacerbating 

the Shiga toxin-mediated cytotoxicity (Nguyen and Sperandio, 2012).  

1.2.1. Methods for control of EHEC O157:H7 

 Globally, the primary pathways through which EHEC O157:H7 is transmitted 

include poultry, livestock, and products derived from meat. Additionally, this bacterium 

https://www.frontiersin.org/articles/10.3389/fcimb.2012.00090/full#B74
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has the capability to persist outside its host, which can result in the pollution of fresh 

water sources as well as fruits and vegetables. Historically, the majority of outbreak 

incidents have been linked to the ingestion of beef that was not fully cooked or milk 

that was consumed raw (Doyle, 1991). Despite the notable resistance of EHEC to a 

range of stressful conditions, studies have shown that the pathogen can be effectively 

inactivated in ground beef when heated at 60°C for a duration of 45 seconds 

(Ugorakova and Bukovska, 2003). Moreover, its ability to endure in various 

environments can be significantly reduced by a combination of factors, such as 

temperature fluctuations, dehydration, the presence of native microbial populations, 

variations in moisture levels, and exposure to oxygen-rich atmospheres. In response to 

the challenges posed by EHEC O157:H7 in food products, the food industry has 

employed various control strategies, including physical methods like irradiation, 

pasteurization, pulsed electric field, and high-pressure processing, as well as chemical 

tactics involving sanitizers such as peroxyacetic acid, chlorine dioxide, sodium 

hypochlorite, and organic acids like acetic, lactic, and citric acid. While these 

approaches are effective in reducing EHEC O157:H7 levels in foods, they often come 

with environmental drawbacks and can adversely affect the food's intrinsic qualities, 

such as sensory properties, and pose toxicity risks. Furthermore, the increasing 

consumer demand for chemical-free and organic foods has led to a decrease in the 

acceptance of chemical additives in food products. Consequently, there's been a 

significant shift towards exploring alternative methods that are both safe for human 

consumption and environmentally friendly. Biocontrol agents like bacteriophages, 

probiotics, plant-derived natural compounds, bacteriocins, endolysins, and enzymes are 

emerging as promising solutions, offering a way to manage food safety concerns 

without compromising on environmental sustainability or food quality (Puligundla and 

Lim, 2022). On the other hand, the reduction of EHEC O157:H7 prevalence in cattle 

through interventions such as vaccination holds significant potential for decreasing the 
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incidence of foodborne diseases in humans. Vaccination strategies targeting cattle can 

inhibit intestinal colonization and reduce fecal excretion of EHEC O157:H7, which is 

a critical step in preventing the transmission of this pathogen from cattle to humans via 

contaminated food products. Studies exploring the effectiveness of these interventions 

in cattle and their impact on reducing human foodborne illnesses highlight the 

importance of controlling EHEC O157:H7 at the pre-harvest level (Saeedi et al., 2017).  

In clinical therapy, while studies have shown EHEC O157:H7 is sensitive to 

various antibiotics like nalidixic acid and ampicillin (Dontorou et al., 2003), using these 

medications for treating infections doesn't improve the course of the illness. In fact, it 

could worsen conditions by increasing the risk of hemolytic uremic syndrome (HUS), 

attributed to the enhanced release of Shiga toxins by the bacteria. This underscores the 

complexity of treating EHEC infections and the need for cautious therapeutic 

approaches. Moreover, antibiotic resistance in EHEC O157:H7 often results from 

mutations, contributing to the broader issue of antibiotic failure, a significant global 

health threat. Antimicrobial resistance is a severe global issue, causing nearly 5 million 

deaths annually and is on the path to become the primary cause of death (Fig. 1.2).  

 

 

 

 

 

 

 

 

 

Fig. 1.2. The diagram shows the emergence of multiple-drug-resistant EHEC caused 

by the abuse of antibiotics. 
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This crisis is exacerbated by natural evolution and widespread use of antibiotics. 

The antibiotics, when released into environments such as untreated wastewater, 

increase selective pressure for resistant strains. The escalating challenge of 

antimicrobial resistance signals a looming era where existing antibiotics may fail to 

combat infections effectively, presenting a critical global health concern. (Gambushe 

et al., 2022). As a response, research is increasingly focused on bacteriophages (Viruses 

that attack bacteria) as a potential strategy to combat bacterial pathogens, offering a 

targeted approach to addressing antibiotic-resistant infections.  

1.2.2. Phages as potential biocontrol agents of EHEC O157:H7  

  Bacteriophages (Phages) are viruses that are widely present in the environment. 

Because phages only target and lyse their hosts, making them effective for controlling 

bacterial infections even before antibiotics were developed. (Azam et al., 2021). 

Recently, their ability to selectively eliminate foodborne pathogens without harming 

beneficial bacteria has renewed interest in their application (Kazi and Annapure, 2016). 

Owing to their high host specificity, phages can selectively kill host bacteria and 

therefore do not affect other beneficial bacteria present in food. Furthermore, phages 

are considered harmless to humans as they specifically attack their host bacteria. 

Utilizing lytic phages offers a promising approach to combat drug-resistant bacteria. 

This method of microbial control not only proves effective but also stands out as a cost-

efficient alternative to antibodies, with the potential for large-scale production (Bárdy 

et al., 2016; Labrie et al., 2010). Bacteriophage biocontrol, leveraging phages' natural 

lytic cycle to eliminate harmful bacteria, is gaining recognition as an eco-friendly 

approach (Moye et al., 2018) (Fig. 1.3). It aligns with consumer preferences for 

chemical-free foods, allowing for "Clean-Label" product claims. The U.S. FDA's 

approval of ListShield™ marked the first phage-based product recognized as a GRAS 

(Generally recognized as safe) food additive, leading to an increase in regulatory 

approvals globally for phage applications in food safety, including against EHEC 
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O157:H7 (Table 1). Following the U.S., other nations including Israel, Canada, 

Switzerland, Australia, New Zealand, and the EU have approved phage products for 

food use, reflecting a growing international consensus on the potential of phages to 

enhance food safety. (Moye et al., 2018). However, the concern about the emergence 

of phage-resistant bacterial isolates is a significant technical challenge in the application 

of phage biocontrol strategies for enhancing food safety (Hong et al., 2016). An 

example of this is seen with PhageGuard Listex™ P100, aimed at combating Listeria 

monocytogenes—a highly concerning pathogen in the food sector due to its severe 

health implications for humans. The emergence of resistant Listeria strains in facilities 

within Austria has been linked to the adaptation of the bacteria to the phages found in 

this product. This adaptation is a form of survival strategy, where bacteria modify their 

surface receptors or implement different methods to avoid being infected by phages, a 

process that is part of natural evolution (Fister et al., 2016).  

 

 

 

 

 

 

 

Fig. 1.3. Applications of bacteriophages in food safety at each stage of the farm-to-

table process (Endersen and Coffey, 2020).  

    For therapeutic phage applications in clinical, with its history dating back to the 

early 20th century, presents a viable alternative to conventional antibiotics due to the 

unique advantages it offers, particularly its specificity to target pathogens while sparing 

the beneficial microbiota. Three critical requirements are established: Phages must only 

engage in the lytic cycle to prevent unwanted genetic integration into host bacteria, 
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which helps avoid the spread of harmful genes like those conferring antibiotic 

resistance. They need to exhibit specific antimicrobial effectiveness against designated 

pathogens, necessitating their precise selection or engineering. Additionally, it's 

essential to purify phage formulations from bacterial by-products and toxins to 

minimize adverse effects on patients, ensuring safety by keeping endotoxin levels 

within acceptable limits (Sarhan and Azzazy, 2015). A successful example, SNIPR 

Biome's SNIPR001, a CRISPR-armed phage therapeutic, has shown promising interim 

clinical results in a phase I trial. It's designed to specifically target and eliminate E. coli, 

including antibiotic-resistant strains, from the human gastrointestinal tract. SNIPR001 

effectively reduced gut E. coli levels and is now being considered for further studies to 

evaluate its impact on reducing infections in cancer patients at high risk of E. coli 

bloodstream infections. This marks a significant advancement in using phage therapy 

and CRISPR technology to combat antibiotic resistance (Gencay et al., 2024). However, 

similar to the issue observed with antibiotics, the evolution of bacterial resistance to 

phages could limit the long-term sustainability of phage-based treatments. Phage 

therapy also faces the inevitable threat of phage resistance, which can limit its efficacy. 

Resistance development occurs through diverse mutations that culminate in impaired 

adsorption of phages to their bacterial targets. Strategic selection of phage combinations 

that impose high genetic barriers to resistance is suggested as a mitigation strategy. The 

in vitro characterization of phage-resistant mutants may help optimize therapeutic 

phage selection and cocktail design for improved safety and efficacy (Hesse et al., 

2020). Understanding phage-host interactions, including resistance mechanisms and 

their consequences on bacterial fitness, is essential. Detailed information on these 

interactions can aid in overcoming challenges posed by phage resistance during therapy. 

Phage resistance often results from mutations in genes involved in the synthesis or 

assembly of cell surface structures, highlighting the complexity of phage-host dynamics 

(Li et al., 2022).  
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Table 1. The phage-derived products approved by the regulatory authorities for 

food safety applications (Moye et al., 2018). 

Product Name Target pathogen Regulatory 

Ecolicide®  

(EcolicidePX™) 
E. coli O157:H7 USDA, FSIS Directive 7120.1 

EcoShield™ E. coli O157:H7 
FDA, FCN 1018; Israel Ministry of Health; 

Health Canada 

ListShield™ L. monocytogenes 

FDA, 21 CFR 172.785; FDA, GRN 528; 

EPA Reg. No. 74234-1; Israel Ministry of 

Health; Health Canada 

SalmoFresh™ Salmonella spp. 

FDA, GRN 435; USDA, FSIS Directive 

7120.1; 

Israel Ministry of Health; Health Canada 

ShigaShield™ 

(ShigActive™) 
Shigella spp. FDA, GRN 672 

PhageGuard Listex™ L. monocytogenes 

FDA, GRN 198/218; FSANZ; EFSA; 

Swiss BAG; Israel Ministry of Health; 

Health Canada 

 E. coli O157:H7 FDA, GRN 757 pending as of 19 March 2018 

Finalyse® E. coli O157:H7 USDA, FSIS Directive 7120.1 

AgriPhage™ 

Xanthomonas 

campestris pv. 

vesicatoria, 

Pseudomonas syringae 

pv. tomato 

EPA Reg. No. 67986-1 

SalmoPro® Salmonella spp. FDA, GRN 603 

 Salmonella spp. 
FDA, GRN 752 pending as of March 19, 

2018 
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1.3. An overview of phage resistance  

The use of phages with these advantages could be promising for the control of 

food poisoning bacteria in improving food quality as well as in clinical therapy. 

However, faced with naturally existing phage predators, bacteria have evolved various 

mechanisms to prevent phage infection and reproduction. Prolonged contact between 

phages and bacteria has been reported to lead to the emergence of viable bacteria that 

are resistant to phages (Labrie et al., 2010). We are currently in a golden era of 

discovering defense mechanisms against phages. Beyond the intrinsic fascination with 

these defense systems and the transformative applications that have emerged from them, 

such as CRISPR-Cas9 and restriction endonucleases, the role of such defense systems 

in developing resistance to phages, particularly in clinical environments, remains 

largely unexplored. Bacteria have developed sophisticated methods to acquire 

resistance, either through genetic mutations that enhance survival or by obtaining DNA 

from an already resistant bacterium. Among the mechanisms that afford bacteria 

adaptive immunity, CRISPR-Cas systems (Clustered regularly interspaced short 

palindromic repeats–CRISPR associated proteins) stand out. These systems are 

instrumental in the evolutionary journey of prokaryotes, with horizontal gene transfer 

(HGT)—via transformation, conjugation, and transduction—playing a pivotal role. 

HGT can influence bacterial fitness in various ways, being either beneficial, neutral, or 

harmful (Goyal, 2022).  

The CRISPR-Cas adaptive immune systems are particularly noteworthy for their 

role in managing gene transfer through conjugation and transformation, serving as a 

line of defense against unwanted genetic material. However, bacterial defenses against 

phages, including those mediated by CRISPR, come at a significant cost to the growth 

rate. These defenses can be quickly abandoned when the threat from pathogens 

diminishes. The dilemma of how bacteria maintain their molecular defenses, despite 

their high costs, in environments where pathogen levels fluctuate and competition 
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among strains is fierce, poses a significant challenge to our understanding of 

evolutionary biology. In their natural habitats, bacteria face relentless selective 

pressures, propelling both bacteria and phages into an evolutionary arms race. This 

contest is marked by rapid mutation rates and the facilitation of horizontal gene transfer, 

accelerating the evolution of genetic characteristics and promoting genetic diversity. 

This dynamic occurs because when one entity develops a strategy to bypass the other's 

defenses, it prompts the opponent to adapt and circumvent this new defense mechanism. 

As a result, bacteria have developed numerous defense strategies to shield themselves 

against phages. Conversely, phages have evolved sophisticated countermeasures to 

bypass these bacterial defenses. When phages infect bacterial cells, they encounter a 

variety of antiviral mechanisms within bacterial populations. The resistance strategies 

that bacteria employ to dodge phage infections can be broadly categorized into three 

groups: (1) Receptor Adaptations: This category includes random mutations or 

phenotypical changes in bacteria that lead to reduced phage adsorption. Such alterations 

make it more difficult for phages to attach to and invade bacterial cells, as these 

adaptations affect the receptors phages target for entry. (2) Host Defense Systems: 

These are specialized molecular pathways that bacteria have evolved specifically to 

fend off or mitigate phage infections. This category encompasses a range of 

mechanisms, from restriction-modification systems to the CRISPR-Cas system, which 

provide bacteria with the means to detect and destroy phage genetic material. (3) Phage-

derived Phage Defense Systems: These are unique molecular pathways encoded by 

phages themselves that help the host bacteria compete against other invading phages. 

This interesting twist in the evolutionary arms race benefits the host by providing it 

with additional defense tools against competing phages, thereby ensuring the survival 

and propagation of the phage that encodes these beneficial systems (Egido et al., 2022).  

Despite the wide variety of phage resistance mechanisms displayed by bacteria, 

phages have countered with an equally diverse array of strategies. This evolutionary 
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back-and-forth means that for all defense mechanism bacteria develop, phages evolve 

countermeasures to overcome these barriers. This dynamic interaction underlines the 

intricate and ongoing co-evolutionary battle between phages and bacteria, with each 

side continually adapting to the other's moves. The intricate balance of attack and 

defense in this microscopic arms race highlights the complexity of interactions in the 

microbial world, emphasizing the sophistication of both bacterial and phage 

evolutionary strategies. 

1.3.1. Bacterial defense mechanisms against phages  

Bacterial strategies against phages could be classified based on their external 

(extracellular) or internal (intracellular) actions within the bacterial cell. To prevent 

phage attachment externally, bacteria modify their surface receptors using various 

strategies. These methods range from altering the receptor's structure through mutations, 

experiencing inheritable changes in receptor expression known as phase variation, to 

concealing receptors beneath layers such as capsules or extracellular polymers. 

Additionally, some bacteria create decoy structures aimed at decreasing phage 

attachment rates (Manning and Kuehn, 2011). Studies reported that several strategies 

for bacteria against phages from external (Egido et al., 2022): (1) Altering Receptor 

Structures: Bacteria can mutate in ways that change the shape or composition of their 

surface receptors, hindering phage binding. Such changes may directly affect the 

receptor gene or the gene expression control mechanisms. (2) Creating Receptor 

Masking Proteins: Bacteria could produce proteins that cover phage receptors on their 

surfaces, making them unreachable for phages. A notable example is the TraT protein 

in E. coli, which attaches to the OmpA protein's exposed regions, blocking phage access. 

(3) Releasing Outer-membrane Vesicles (OMVs): By emitting OMVs that carry phage 

receptors, bacteria can mislead phages away from actual cells, thus preventing 

successful infection. (4) Enhancing Extracellular Matrix Production: Building up an 

extracellular matrix of polysaccharides, proteins, lipids, and DNA can effectively 
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obscure phage receptors, preventing phage recognition and attachment. (5) Employing 

Phase Variation: Bacteria can reversibly alter gene expression through mechanisms like 

site-specific recombination, slipped-strand mispairing, and epigenetic changes. This 

phase variation affects bacterial phenotype, including the display of surface proteins 

such as phage receptors, thereby influencing their availability to phages (Fig. 1.4).  

Fig. 1.4. The diagram illustrates studies reporting that bacteria employ several 

strategies to defend against phages from external (Egido et al., 2022).  

During phage invasions, bacteria activate intricate internal defense systems, often 

located within genomic regions known as defense islands. These areas are hotspots for 

uncovering novel defense mechanisms against phage attacks. Among these 

mechanisms are nucleic acid interference strategies, including the Restriction-

Modification (R-M) systems, which distinguish between host and foreign DNA through 

methylation, and modifications to the DNA structure itself. Newer findings like the 

DISARM (Defense Island System Associated with Restriction-Modification) (Ofir et 

al., 2018) and BREX (BacteRiophage Exclusion) systems have broadened our 
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understanding of methylation-based defenses against phages (Gordeeva et al., 2019). 

In a departure from their eukaryotic counterparts, prokaryotic Argonaute (pAgo) 

proteins engage in DNA-DNA interference to thwart phage threats. Additionally, the 

CRISPR-Cas systems represent a unique adaptive immunity mechanism in prokaryotes, 

allowing bacteria to fend off invasions by mobile genetic elements such as phages and 

plasmids (Hille et al., 2018). Found across many bacterial genomes and occasionally 

within plasmids, the CRISPR-Cas system operates through a CRISPR array and a cas 

gene operon. The array consists of spacers derived from foreign DNA sequences, 

serving as a molecular memory of past invasions, while the cas operon encodes Cas 

proteins, the machinery for the system's immune response. The CRISPR-Cas immunity 

process unfolds in three phases: adaptation, expression, and interference. During 

adaptation, foreign DNA fragments are incorporated into the CRISPR array as new 

spacers. Expression involves the transcription of the CRISPR array into a long 

precursor RNA, which is then processed into shorter, mature crRNAs. These crRNAs, 

complexed with Cas proteins, form the effector mechanism that scans for and targets 

the complementary foreign DNA sequences for cleavage, guided by a protospacer 

adjacent motif (PAM). CRISPR-Cas systems exhibit diversity in their mechanisms and 

are categorized into two classes, six types, and 33 subtypes. Class 1 systems feature a 

multi-subunit Cas complex, while Class 2 systems utilize a single-subunit effector 

protein for the recognition and cleavage of foreign DNA or RNA. Among these, the 

Type II CRISPR-Cas system is notably recognized for its application in genome editing 

technologies. Overall, the CRISPR-Cas systems illustrate the sophisticated strategies 

bacteria employ to detect, target, and neutralize phage threats, highlighting a key aspect 

of the microbial defense arsenal against phage predation. To counteract phage 

proliferation, some bacteria resort to abortive infection (Abi) tactics, sacrificing 

themselves via toxin-antitoxin mechanisms (Blower et al., 2012a). Bacterial chemical 

defenses also come into play, involving the production of antimicrobial secondary 
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metabolites. Recent bioinformatics research has revealed systems like Abi and 

prokaryotic viperins, which obstruct viral replication through mechanisms that are still 

being explored. Together, these diverse bacterial defense strategies, ranging from direct 

nucleic acid interference to the ultimate sacrifice and chemical countermeasures, 

highlight the dynamic and ongoing evolutionary conflict between bacteria and phages.  

Fig. 1.5. The diagram illustrates studies reporting that bacteria activate complex 

internal defense systems during phage invasions (Egido et al., 2022).  

Phages also can equip bacteria with defense mechanisms against subsequent 

infections by identical or related phages, a phenomenon known as superinfection 

exclusion (Sie) (Folimonova, 2012). This includes producing proteins that hide cell 

surface receptors to block new infections, thereby also safeguarding newly formed 

phages from being neutralized by receptor remnants from lysed bacterial cells. An 

example is the T5 phage, which secretes the lipoprotein Llp to obscure its receptor, the 

outer membrane protein FhuA. Moreover, prophages (phages integrated into the 

bacterial genome) can contribute to resistance against phage invasion through proteins 



 17 

that either anchor to or associate with the membrane, thwarting phage DNA entry into 

the bacterial cytoplasm. These proteins can prevent the formation of channels for DNA 

entry, inhibit phage lysozyme action on bacterial cell walls, or alter the conformation 

of proteins at the DNA injection site to block translocation. Beyond Sie mechanisms, 

prophages also enable resistance via other routes. For instance, the RexA-RexB system 

in λ-lysogenic E. coli reduces the cell's membrane potential, decreasing ATP production 

and leading to cell death. Phage Panchino endows M. smegmatis lysogens with a broad-

spectrum single subunit R-M system. Additionally, prophages may carry genes for 

repressor proteins that bind phage DNA, helping safeguard lysogenized bacteria by 

mitigating inadvertent prophage transcription. Prophages can also induce phenotypic 

changes in bacteria through genetic elements known as morons, which can express 

independently of prophage activation. Recent research into Enterobacteria P4- and P2-

like prophages has uncovered genetic clusters rich in bacterial immune mechanisms, 

including the phage anti-restriction-induced system (PARIS) (Deep et al., 2024). 

PARIS induces an abortive infection response upon detecting a phage-encoded anti-

restriction protein, Ocr, which targets R-M systems and BREX. The functions of PARIS 

and other newly identified systems are yet to be fully elucidated. Overall, phages can 

endow their bacterial hosts with defense strategies against further phage attacks, 

benefiting both the bacteria and the infecting phage by ensuring the survival and 

propagation of both. 

1.3.2. Counterattack of phages on bacterial defense system 

While bacteria showcase a vast array of defense mechanisms against phage 

infections, phages counter with equally diverse strategies to overcome these defenses. 

This dynamic interplay demonstrates an evolutionary arms race between bacterial 

defenses and phage countermeasures. Phages can adapt their receptor-binding proteins 

(RBPs) through mutations, often facilitated by diversity-generating retroelements 

(DGRs), to change their cell surface receptor affinity, allowing them to bypass bacterial 
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surface modifications (Guo et al., 2014). Some phages produce proteins to mask cell 

surface receptors or use enzymes like depolymerases to penetrate bacterial capsules and 

extracellular layers. To evade restriction-modification (RM) systems, phages employ 

several tactics: (1) Avoiding or altering restriction sites in their genome. (2) Modifying 

sequences recognized by restriction endonucleases. (3) Occluding restriction sites with 

proteins. (4) Sequestering restriction endonucleases with decoy proteins. (5) Acquiring 

or inducing methylation of their DNA to mimic host DNA (Egido et al., 2022). For 

against CRISPR-Cas systems, phages can: (1) Mutate or delete protospacer adjacent 

motifs (PAMs) or sequences near them to avoid recognition. (2) Deploy anti-CRISPR 

(Acr) proteins to inhibit CRISPR-Cas activity. (3) Glycosylate their DNA to evade 

detection. (4) Encase their DNA within a protein shell, shielding it from CRISPR-Cas 

complexes (Mendoza et al., 2020).    

Phages can also outmaneuver abortive infection (Abi) mechanisms by inhibiting 

toxin-antitoxin system proteases, mutating genes to avoid nucleic acid metabolism-

related toxins, or activating their own antitoxin analogs (Blower et al., 2012b). For 

instance, some phages overcome PLE (Phage-inducible chromosomal island-Like 

Element) - mediated Abi in Vibrio cholerae through phage-encoded CRISPR-Cas 

systems targeting the PLE genome or endonucleases cleaving PLE replication origins 

(McKitterick and Seed, 2018). Recent discoveries include phages inactivating the 

BREX system by targeting its components, like the Ocr protein of phage T7 inhibiting 

the BREX system's methyltransferase BrxX (Isaev et al., 2020). As research progresses, 

more phage strategies against bacterial defenses are likely to be uncovered, highlighting 

the ongoing complexity of interactions in the microbial world.  

1.3.3. The diversity in phage-driven variations of resistance mechanism 

Phages act as catalysts for genetic diversity within bacterial populations by 

promoting the development of resistance strategies. The specificity of interactions 
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between phages and their host bacteria significantly influences the nature of resistance 

mechanisms, whether they manifest extracellularly or intracellularly. For example, a 

study explores the resistance mechanisms of marine cyanobacteria, specifically 

Synechococcus and Prochlorococcus, against lytic viruses known as cyanophages 

(Zborowsky and Lindell, 2019). The research differentiates between the cyanobacteria's 

modes of resistance against specialist and generalist cyanophages within the T7-like 

and T4-like families. Resistance to specialist cyanophages is predominantly 

extracellular, preventing the phages from entering the cell. Conversely, resistance 

against generalist T4-like cyanophages is mostly intracellular, with the cyanobacteria 

allowing the phage entry but halting its replication at various stages within the cell. 

Specialist cyanophages failed to attach to most resistant cyanobacterial strains, 

indicating extracellular resistance. On the other hand, generalist cyanophages attached 

to nearly all tested resistant strains, signifying intracellular resistance mechanisms were 

at play. The stage of the intracellular arrest of the infection cycle varied across 

interactions, indicating multiple, possibly unknown, mechanisms of intracellular 

resistance within the cyanobacteria. The entry of generalist phages into non-host 

cyanobacterial cells and the partial replication of their genomes suggest that horizontal 

gene transfer might extend beyond direct host-phage interactions, potentially 

influencing the genetic diversity and evolution of marine cyanobacteria. Some strains 

of Synechococcus and Prochlorococcus were found to be polyploid, which might allow 

them to tolerate partial genome degradation by phages without affecting their growth, 

suggesting a potential advantage of polyploidy in bacterial resistance. Overall, it 

suggests that marine cyanobacteria employ diverse strategies to survive phage 

predation, including mechanisms that allow them to tolerate or prevent the replication 

of phage genomes. On the other hand, advancements in high-throughput genetic 

technologies have facilitated detailed examinations of the host genetic factors that 

confer resistance to a wide array of phages. These studies have illuminated both specific 
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and general resistance factors, illustrating the elaborate interaction dynamics between 

phages and their bacterial hosts. Through these interactions, diverse cellular 

mechanisms for host responses to phage threats are revealed (Mutalik et al., 2020). In 

Staphylococcus aureus, resistance to phages can stem from both enduring genetic 

modifications and temporary, adaptive changes. This dual nature of resistance 

mechanisms underlines the challenge in developing effective phage therapy strategies. 

Specifically, it highlights the necessity for designing phage cocktails capable of 

navigating or leveraging these resistance strategies to ensure therapeutic efficacy 

(Jurado et al., 2022). Finally, the evolving understanding of phage-driven variations in 

resistance mechanisms underscores the complex ecological and evolutionary pressures 

shaping the interactions between phages and their bacterial hosts. This knowledge not 

only enhances our grasp of microbial ecology but also informs the development of 

phage-based applications, including phage therapy, by illuminating potential resistance 

hurdles and strategies to overcome them.  

1.3.4. Multiple factors involved in the development of phage-resistant strains 

The selection of phage-sensitive and phage-resistant bacterial strains is influenced 

by a complex interplay of biological, ecological, and genetic factors. By considering 

these factors, researchers and clinicians can better predict and manage the dynamics of 

phage-bacteria interactions, optimize phage therapy, and mitigate the development of 

phage resistance. (1) Multiplicity of Infection (MOI), the ratio of phages to bacteria, 

significantly affects the selection pressure on bacterial populations. High MOI can lead 

to rapid killing of sensitive strains, potentially selecting for resistant mutants. 

Conversely, a low MOI may allow sensitive strains to grow, but could also promote the 

emergence of resistance through genetic mutations or horizontal gene transfer. One 

study reported a mathematical model to simulate the dynamics of phage-host 

interactions and the development of resistance. The model helped to confirm 

observations from the strain isolations: in conditions of low MOI, phage-sensitive 
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strains were dominant in the regrowing population (over 99.8%), whereas phage-

resistant strains dominated (over 87.8%) when the initial MOI was high (Christiansen 

et al., 2016). (2) Bacterial Population Density and Heterogeneity: Dense and genetically 

diverse bacterial populations can harbor or quickly develop phage resistance through 

various mechanisms, including spontaneous mutations, phase variation, and CRISPR-

Cas systems. The complexity of the bacterial community can thus influence the 

selection dynamics of sensitive and resistant strains. (3) Phage Adaptability and 

Diversity: Phages can evolve to overcome bacterial resistance, creating a continuous 

co-evolutionary arms race. The genetic diversity and adaptability of phages determine 

their ability to infect new or resistant bacterial strains, influencing the selection process. 

(4) Environmental Conditions: Factors such as temperature, pH, salinity, and the 

presence of organic matter can affect phage viability and activity, as well as bacterial 

growth and defense mechanisms. Environmental conditions thus play a crucial role in 

the interaction dynamics between phages and bacteria. (5) Phage Treatment Time and 

Frequency: The timing and frequency of phage applications can impact the 

development of resistance. Continuous or repeated exposure to phages can select for 

resistant strains, whereas strategic timing might reduce resistance development. (6) 

Genetic Exchange and Horizontal Gene Transfer: Bacteria can acquire phage resistance 

genes through horizontal gene transfer from other bacteria, including conjugation, 

transformation, and transduction. The genetic plasticity of bacterial populations 

influences their ability to adapt to phage predation. (7) Fitness Costs of Resistance: 

Developing resistance to phages often comes with fitness costs for bacteria, such as 

reduced growth rate or virulence. The balance between the benefits of resistance and 

the associated fitness costs affects the prevalence of resistant strains. (8) Trade-offs and 

pleiotropy: The evolution of resistance to phages or antibiotics can involve trade-offs 

and pleiotropic effects, where resistance to one agent may influence susceptibility to 

another. These dynamics underscore the complexity of resistance evolution in bacterial 
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populations (Burmeister et al., 2020). (9) Antibiotic and Phage Synergy: The interaction 

between antibiotics and bacteriophages is a critical factor in the selection of phage-

sensitive and phage-resistant E. coli strains. A study demonstrated that combining 

phages with antibiotics like ciprofloxacin inhibited the growth of E. coli and prevented 

the emergence of resistant mutants. This suggests that phage therapy could be 

strategically used in conjunction with antibiotics to enhance therapeutic outcomes and 

manage resistance (Dalmasso et al., 2016). 

1.3.5. Strategies to overcome phage resistance  

To address phage resistance, researchers have explored a variety of innovative 

strategies, each with its unique mechanism and application potential. Multiple 

approaches have been identified to overcome phage resistance, such as deploying phage 

cocktails, utilizing flavonoids, applying enzymes from phages known as endolysins, 

genetically modifying phages, and leveraging the coevolutionary adaptation of phages. 

Each of these strategies offers promise in overcoming phage resistance, with ongoing 

research aimed at refining their effectiveness and exploring their clinical applications. 

The choice of strategy may depend on the specific bacterial target, the type of infection, 

and the environment in which the biocontrol is applied.  

Phage cocktails consist of multiple bacteriophages selected for their synergistic or 

complementary action against a broad range of bacterial strains or to prevent the 

development of resistance. This approach combines multiple phages into a single 

treatment, targeting a broader range of bacterial strains and reducing the chance of 

resistance. If a bacterium becomes resistant to one phage, others in the cocktail can still 

be effective. This approach also increases the spectrum of activity against diverse 

bacterial populations. For instance, in combating resistant plant bacterial pathogens, 

phage cocktails offer a biocontrol strategy that preserves the environmental and human 

health while addressing bacterial resistance (Farooq et al., 2022). Similarly, phage 
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cocktails have shown efficacy in preventing the development of phage-resistant strains 

in Escherichia coli by targeting multiple host receptors (Yu et al., 2017).  

Flavonoids, natural compounds found in many plants, have been identified for 

their potential to synergize with phages. They can inhibit bacterial defense mechanisms 

against phages or directly affect bacterial virulence and biofilm formation, making 

bacteria more susceptible to phage attack. Flavonoids can also modulate the immune 

response, potentially enhancing the efficacy of phage therapy (Cushnie and Lamb, 

2005). The relationship between the structural configuration of flavonoids and their 

antibacterial potency has been a significant focus of research, demonstrating how 

specific structural elements of flavonoids enhance their antimicrobial capabilities 

(Kumar and Pandey, 2013).  

Endolysins are enzymes produced by phages to lyse bacterial cells from the inside 

at the end of the phage replication cycle. Applying endolysins externally allows for 

targeted bacterial destruction without the need for phage infection, bypassing 

traditional resistance mechanisms. Recognized for their role as novel antibacterial 

agents against foodborne pathogens, endolysins are peptidoglycan hydrolases, encoded 

by bacteriophages, that dismantle bacterial cells by attacking the cell wall. This action 

is particularly effective in gram-positive bacteria, where the peptidoglycan layer is 

more accessible. The specificity, operational mechanism, capacity for modification, 

and absence of resistance development associated with endolysins have piqued 

scientific interest in recent times. Advances in employing endolysins for enhancing 

food safety have been noteworthy. They can eradicate bacterial biofilms linked to 

foodborne pathogens, and their cell wall-binding domain offers a rapid method for 

detecting such pathogens in food products (Khan et al., 2023).  

Genetic and chemical modifications of phages enhance their bactericidal 

efficiency and expand their host range. This includes expressing toxin proteins, 
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modifying host recognition receptors, and crosslinking phage coats with antimicrobial 

peptides (Guo et al., 2021). The key tactics include modifying the phages' host range 

by changing or replacing the receptor-binding proteins on their surface, which broadens 

or alters the spectrum of bacteria they can infect. This aids in specifically addressing 

bacterial strains resistant to current phage treatments. Additionally, expressing 

antibacterial enzymes, phages are engineered to possess genes for antibacterial 

enzymes like endolysins, enabling them to break down bacterial cells both from within 

and externally, thereby enhancing their killing efficiency. Furthermore, genetic 

disruption, phages can be engineered to carry genetic elements, such as CRISPR-Cas 

systems, that specifically target and disrupt bacterial resistance genes, making the 

bacteria susceptible to phage attack.  

The evolution of phages through co-adaptation with their bacterial hosts can lead 

to the development of phages capable of overcoming bacterial resistance mechanisms. 

For example, a study demonstrated that a "trained" generalist phage, adapted through 

prolonged coevolution with its host, suppressed bacterial growth more effectively than 

non-adapted phages or phage cocktails (Borin et al., 2022). Similarly, a study 

demonstrated that a phage, identified as λtrn, which had undergone a 28-day training 

period, significantly outperformed its untrained counterpart in controlling E. coli B 

strain REL606 proliferation in vitro (Borin et al., 2021). Additionally, another study 

utilizes a model system comprising bacteriophage λ and E. coli to examine their swift 

coevolutionary interaction under controlled laboratory conditions. This evolutionary 

interplay is marked initially by E. coli developing resistance through alterations in the 

malT gene, which impacts the expression of the LamB receptor. In response, the λ 

phage adapts by modifying the binding domain of its host recognition protein J, 

allowing it to target an alternative receptor, OmpF. (Gupta et al., 2022). These studies 

highlight the advantages of undergoing phage training. These advantages encompass 
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extended bacterial population control, a slowdown in the evolution of bacterial 

resistance, and heightened effectiveness in killing bacteria.  

The combination of phages with antibiotics is another promising approach to 

constrain bacterial resistance evolution. Phage-antibiotic combinations can suppress or 

even reverse bacterial resistance to antibiotics, offering a synergistic effect that 

enhances the efficacy of bacterial infection control (North and Brown, 2020). The 

concept of phage–antibiotic synergy (PAS) was introduced by Comeau et al., who 

observed an enhanced effect when bacteriophages were combined with sublethal doses 

of β-lactam antibiotics. This combination led to an increase in phage burst size, which 

refers to the number of phages released from a host bacterial cell following lysis. The 

researchers linked the PAS effect mainly to the phenomenon of antibiotic-induced 

cellular filamentation. In this altered state, bacterial cells continue to elongate without 

undergoing division. This process is believed to facilitate increased production of 

components necessary for phage assembly, thereby enhancing the efficiency of phage 

replication within the filamenting bacterial cells (Comeau et al., 2007).  
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1.4. Research objectives 

This research presents a strategic method aimed at improving the effectiveness of 

bacteriophages in combating the foodborne pathogenic E. coli O157:H7, with an 

emphasis on understanding the genetic basis of resistance to phages within E. coli 

populations.  

The primary goals of this research are: 

a) To evaluate the effects of candidate genes on the phage-resistance of E. coli 

populations through single gene-deletion strains from Keio collection model.  

b) To identify substances that can inhibit the functions of candidate genes and 

examine combined effects of phages with these substances to improve the lytic 

activity of phages against E. coli O157:H7. 

c) To explore synergistic strategies for overcoming the regrowth of phage-

resistant E. coli populations, ensuring sustained effectiveness of phage treatments. 
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Chapter 2. The combined impact of phages and substances that 

interact with primosomal protein A on Escherichia coli 

2.1. Introduction  

To develop effective microbial control strategies with phages, it is crucial to 

understand the mechanisms behind phage resistance. This requires a detailed 

knowledge of the genes that contribute to both resistance and susceptibility to phages, 

which will aid in the successful elimination of foodborne pathogens through phage 

application. The Keio collection, which comprises single-gene deletion mutants, serves 

as a renowned innovative resource for investigating the unidentified biological 

processes and impacts of genes and their connections in the commonly utilized 

Escherichia coli strain K-12 BW25113 (Baba et al., 2006). The Keio collection has 

been utilized to pinpoint bacterial genes that influence susceptibility to antibiotics and 

resistance (Tran et al., 2011); however, there have been no prior attempts to use the 

Keio collection model to screen for genes necessary for resistance to phages in 

foodborne bacteria. In our preliminary experiment, from the Keio collection, we 

screened a total of 3,909 Escherichia coli BW25113 mutants, each lacking a single 

gene. Our goal was to identify specific genes that are connected to phage resistance. 

Our first step was to identify phages that particularly target E. coli BW25113. We 

characterized and utilized Phage S127BCL3, which was isolated from chicken liver and 

can infect both E. coli BW25113 and O157:H7, for this screening process (Fig. 2.3 and 

2.4). The genes involved in resistance to phage S127BCL3 were pinpointed by 

examining deletion mutants that displayed heightened vulnerability to the phage. 

Increased susceptibility to phage S127BCL3 was observed in ten gene-deletion mutants 

(Δrpe, ΔyfcD, ΔybcH, ΔyaiW, Δgor, ΔubiE, ΔdnaK, ΔtolR, ΔpriA, and ΔtolA) as 

indicated in Fig. 2.5 and 2.6. Notably, the ΔpriA gene-deletion mutant demonstrated 

significant vulnerability to phage S127BCL3. The gene priA, as described by Lee et al. 

in 1990, encodes a protein called PriA, which functions as a primosomal replicative 
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protein. This protein is likely crucial for the mechanism of phage resistance, suggesting 

its significant role in this biological process (Lee et al., 1990). 

Numerous theories about bacterial defense mechanisms against phages have been 

suggested, though many aspects are still unclear. An absence of the phage receptor on 

the surface of the bacterial cell is one such mechanism that prevents the phage from 

attaching to the bacteria. By hindering the phage's ability to bind to the bacterial cell, 

this receptor deficiency effectively blocks the initial step of infection. This deficiency 

results in the bacteria developing resistance to phages (Hashemolhosseine et al., 1994). 

Another protective strategy is the CRISPR/Cas system, a sophisticated immune 

response that cuts out and retains segments of foreign DNA. This mechanism in E. coli 

captures DNA from invaders and incorporates it into CRISPR sites for subsequent 

immune defense. A study has demonstrated that the CRISPR/Cas system grants bacteria 

resistance to phage infections (Barrangou et al., 2007). The CRISPR-Cas system 

functions through two phases: adaptation, which involves the acquisition of DNA, and 

interference, where it targets and destroys invader DNA. There are two different types 

of adaptation within the CRISPR-Cas system: primed adaptation and naive adaptation. 

Primosomal protein A (PriA) plays a critical role in the CRISPR-Cas system's 

primed adaptation phase (Ivančić-Baće et al., 2015), essential for resistance against 

phages. PriA initiates DNA replication at stalled or damaged forks, maintaining 

genome integrity and linking DNA repair to phage immunity in the CRISPR-Cas 

adaptation process (Fig. 2.1). This coordination helps bacteria incorporate foreign DNA 

into the CRISPR array, enhancing defense against similar future phage attacks. In 

primed adaptation, the CRISPR-Cas system leverages previous encounters with invader 

DNA to enhance its capability to capture and integrate new DNA segments from the 

same source. This adaptive response involves proteins like RecG and PriA in E. coli, 

which aid in DNA capture and break down R-loop structures formed during DNA 

interaction with the Cascade-crRNA complex. This exposes ssDNA, allowing the Cas1-
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Cas2 complex to engage and cut the DNA for spacer acquisition, reflecting a strategy 

that evolves from past interactions (Fineran et al. 2014, Ivančić-Baće et al. 2015). 

Therefore, blocking PriA's activity could impede the CRISPR-Cas system's ability to 

acquire new spacers, potentially slowing the development of bacteriophage-resistant 

bacteria. However, the impact of PriA on phage resistance and vulnerability has not 

been thoroughly investigated. To elucidate PriA's influence on bacteriophage resistance 

in E. coli, the study in this chapter 2 explores substances reported to inhibit PriA's 

function for their effects on phage vulnerability in E. coli BW25113 (Parent strain) and 

O157:H7. This investigation aims to provide deeper insights into PriA's role in 

bacteriophage resistance mechanisms and potentially identify novel approaches to 

control the spread of resistant bacterial strains.  

 

Fig. 2.1. Model suggesting varying needs for DNA capture in primed and naive 

adaptation in E. coli. In primed adaptation, RecG and PriA detect these blockages, 

where PriA binds to the fork's 3' end, limiting remodeling activities. This is maintained 

until RecG's helicase activity remodels the forks and clears the R-loops (Ivančić-Baće 

et al., 2015). 



 30 

2.2. Materials and methods 

2.2.1. Bacterial strains, inoculum preparation, and culture conditions 

From the National Institute of Genetics in Shizuoka, Japan, we obtained 3,909 

mutants with single-gene deletions (kanamycin-resistant) from the Keio collection, as 

well as the parental strain Escherichia coli BW25113, which is the wild-type and lacks 

kanamycin resistance. These strains and mutants were used in our research to 

investigate the genetic factors influencing various bacterial functions and responses. 

Various bacterial strains were sourced from different institutions: Salmonella 

Typhimurium NBRC12529 came from the Biological Resource Center at the National 

Institute of Technology and Evaluation in Tokyo, Japan; Staphylococcus aureus 

NCTC8325 was obtained from the UK Health Security Agency in Salisbury, UK; 

Listeria monocytogenes ATCC15313 was purchased from the American Type Culture 

Collection in the USA; and Bacillus cereus JCM2152 was acquired from the Japan 

Collection of Microorganisms at the RIKEN BioResource Research Center in Ibaraki, 

Japan. Additionally, multiple strains of Escherichia coli O157:H7, including EC-064, 

EC-027, EC-041, EC-140, EC-080, EC-071, EC-119, EC-138, and EC-140, were 

sourced from the Fukuoka City Institute of Health and Environment, Japan. These 

bacterial strains were cultivated in Luria-Bertani (LB) Miller broth from Kanto 

Chemical in Tokyo, Japan, and on Tryptic Soy Agar (TSA) from Oxoid in the UK. 

They were stored at -80°C in 15% glycerol to maintain viability over long periods. For 

experimental use, the strains were precultured overnight at 37°C in 5 mL of LB with 

shaking at 130 rpm, starting from a single colony picked from a TSA plate. The single 

gene-deletion mutants required LB and TSA supplemented with 200 mg/L kanamycin 

to maintain selective pressure for kanamycin resistance. The careful handling and 

preparation processes guaranteed that all bacterial strains used in the study had 

consistent and reproducible growth conditions. 

2.2.2. Isolation and cultivation of the phage S127BCL3 
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From chicken livers, phages targeting E. coli O157:H7 strains were collected. Out 

of the 32 isolated phages, those capable of infecting E. coli BW25113 were identified 

using the spot-test screening method. Phage S127BCL3 was specifically selected due 

to its strong lytic activity against E. coli BW25113, as evidenced by tube-based phage 

vulnerability assays performed at a multiplicity of infection (MOI) of 0.1. To further 

understand its range, Phage S127BCL3 was tested against other bacterial strains, 

including S. Typhimurium IFO12529, S. aureus NCTC8325, L. monocytogenes 

ATCC15313, and B. cereus JCM2152. Separately, the well-known T7 phage, part of 

the Podoviridae family, was acquired from the National BioResource Project in 

Shizuoka, Japan. For propagation, this phage was combined with E. coli BW25113 and 

cultured overnight at 37°C in LB medium with shaking to ensure exponential growth. 

After incubation, the mixture was centrifuged at 12,000 × g for 5 minutes at 4°C. The 

supernatant was filtered using a 0.22 µm pore size sterilization filter (As One Corp., 

Osaka, Japan) to obtain a phage solution. This phage stock was stored at 4°C and had a 

titer of 10¹⁰ PFU/mL, determined by the number of plaques formed after overnight 

incubation. For storage and further experiments, the phage was diluted in a saline 

magnesium (SM) buffer, which includes 0.05 mol/L Tris-HCl buffer (pH 7.5), 0.1 

mol/L NaCl, 0.008 mol/L MgSO₄, and 0.01% gelatin. This detailed procedure ensured 

that all bacterial strains were consistently and reproducibly cultured for the study. 

2.2.3. Screening genes for phage resistance 

The 3,909 mutants with single-gene deletions from the Keio collection underwent 

a comprehensive screening for phage resistance. Each mutant was initially adjusted to 

a bacterial concentration of 108 CFU/mL. For the screening process, 10 µL of this 

bacterial solution was added to each well of a 96-well plate, which contained 180 µL 

of LB medium supplemented with 1 mmol/L CaCl2. To this mixture, 10 µL of phage 

S127BCL3 (109 PFU/mL) was introduced. The plates were incubated with shaking at 

37°C for 48 h, and each experiment was conducted in triplicate (n = 3). Turbidity 
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measurements, which indicate bacterial growth, were taken at 0, 6, 24, and 48 h. 

Mutants that showed no increase in turbidity at both 24 and 48 h post-phage addition 

were identified as potential candidates with enhanced phage resistance. This careful 

screening process helped identify mutants with altered susceptibility to phage infection, 

contributing valuable insights into bacterial defense mechanisms against phages. To 

ensure accuracy and reliability, the bacterial cultures were prepared with precise 

concentrations, and the LB medium was consistently supplemented with CaCl2 to 

facilitate phage infection. The triplicate experiments and systematic turbidity 

measurements provided robust data for identifying phage-resistant mutants. 

2.2.4. Phage susceptibility assay 

In the experiment with phage treatment, a 500 µL bacterial solution at 10⁸ 

CFU/mL was mixed with 4 mL of LB medium, 1 mmol/L CaCl₂, and 500 µL of phage 

S127BCL3 at a titer of 10⁶ PFU/mL, achieving a multiplicity of infection (MOI) of 0.01. 

The mixture was then incubated with shaking at 37°C and 130 rpm for 48 h, and this 

process was repeated three times (n = 3). For the control setup, 4 mL of LB medium 

containing 1 mmol/L CaCl₂ was combined with 500 µL of SM buffer and 500 µL of 

the bacterial solution. This control mixture was also incubated under the same 

conditions of 37°C with shaking for 48 h. Viable cell counts were taken at intervals of 

0, 2, 4, 6, 8, 12, 24, and 48 h. To determine the number of viable cells, 20 µL samples 

from both the phage-treated and control groups were placed into a 96-well plate with 

180 µL of phosphate-buffered saline. Additionally, 10 µL samples from 10-fold serial 

dilutions were spotted, and 100 µL from the undiluted cultures were spread on TSA 

plates. Following overnight incubation at 37°C, colonies were counted to calculate the 

viable bacterial counts. The experiment also included the well-known T7 phage to 

determine if the observed increase in phage sensitivity from gene deletion in E. coli was 

specific to phage S127BCL3 or a broader range applicable to other E. coli phages. 

2.2.5. Choosing and preparing substances that interact with PriA 
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Based on earlier studies (Huang et al., 2015; Voter et al., 2018), kanamycin, 

chloramphenicol, and kaempferol were selected due to their known inhibition of PriA 

function. To determine the minimum inhibitory concentration (MIC) of these 

substances against E. coli BW25113 without the presence of phages, the broth dilution 

method was utilized. This involved culturing the bacteria in 5 mL of LB medium at 

37°C with shaking at 130 rpm for 24 h. Kanamycin monosulfate (Nacalai Tesque, Inc., 

Japan) was prepared by dissolving it in pure water to create a 20 mg/mL solution, which 

was then filtered through a 0.22 µm sterile membrane filter (As One, Corp., Osaka, 

Japan). The solution was subsequently diluted to final concentrations of 200 µmol/L 

and 500 µmol/L. Chloramphenicol (Nacalai Tesque, Inc., Japan) was prepared in 99.5% 

ethanol to make a 20 mg/mL solution, filtered, and diluted to achieve concentrations of 

200 µmol/L and 500 µmol/L. For kaempferol (Tokyo Chemical Industry, Corp., Japan), 

it was dissolved in dimethyl sulfoxide to form a 28.6 mg/mL solution, filtered, and then 

diluted to final concentrations of 50 mmol/L and 100 mmol/L. For control purposes, 

tetracycline hydrochloride (Nacalai Tesque, Inc., Japan) was used. It was dissolved in 

pure water at a concentration of 20 mg/mL, filtered, and diluted to final concentrations 

of 50 µmol/L and 100 µmol/L. This setup ensured that the substances were tested under 

consistent conditions to accurately determine their MIC values against E. coli 

BW25113. 

2.2.6. Treatment with phage S127BCL3 and PriA inhibitors on E. coli strains 

To evaluate the impact of phage S127BCL3 and PriA-interacting substances on E. 

coli BW25113 and O157:H7 (EC-071), a series of controlled experiments were 

conducted. For the treatment of E. coli BW25113, a 500 µL suspension of the bacteria 

(108 CFU/mL) was added to 4 mL of LB medium with 1 mmol/L CaCl₂, along with 50 

µL of the substance solution and 500 µL of the S127BCL3 phage solution (105 PFU/mL, 

MOI=0.001, diluted in SM buffer). This mixture was incubated at 37°C with shaking 

for 24 h. For E. coli O157:H7, the experimental setup was similar, but the phage 
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solution concentration was adjusted to 106 PFU/mL (MOI=0.01, diluted in SM buffer). 

Control groups were prepared by replacing the substance and phage solutions with 

solvents and SM buffer. Viable cell counts were recorded at intervals of 0, 3, 6, 9, 12, 

and 24 h to monitor bacterial growth and phage efficacy. Tetracycline served as a 

negative control, acting as a protein synthesis inhibitor that does not interact with PriA, 

unlike kanamycin and chloramphenicol. The final concentrations for the substances 

were as follows: kanamycin: 2 µmol/L and 5 µmol/L, chloramphenicol: 2 µmol/L and 

5 µmol/L, kaempferol: 0.5 mmol/L and 1 mmol/L, tetracycline: 0.5 µmol/L and 1 

µmol/L. To prevent precipitation of kaempferol, half-strength LB with 1 mmol/L CaCl₂ 

was used instead of full-strength LB with CaCl₂ during kaempferol treatments. This 

thorough protocol allowed for a detailed assessment of the combined effects of phage 

and PriA-interacting substances on E. coli strains, providing valuable insights into 

potential resistance mechanisms and interactions.     

2.2.7. Evaluating priA gene transcription in E. coli post-phage exposure 

2.2.7.1. Bacterial cell exposure to phage 

To investigate how phage exposure influences priA gene transcription in E. coli, 

overnight cultures of the BW25113 and O157:H7 strains were grown at 37°C in 5 mL 

of LB medium with shaking at 130 rpm. For the phage-treated group, 500 µL of the 

bacterial suspension (108 CFU/mL) was combined with 4 mL of LB medium 

supplemented with 1 mmol/L CaCl₂. Afterward, 500 µL of a phage solution, adjusted 

to 105 PFU/mL (MOI=0.001), was added and mixed thoroughly. In the control setup, 

500 µL of the bacterial suspension and 500 µL of SM buffer were added to 4 mL of LB 

medium containing 1 mmol/L CaCl₂, omitting the phage solution. Both the phage-

treated and control samples were then incubated at 37°C with shaking at 130 rpm for 

16 h. This design provided a basis for comparing the phage-treated and untreated E. 

coli cultures, enabling an evaluation of the effects of phage exposure on bacterial 

growth and priA gene transcription under controlled conditions. 
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2.2.7.2. Post-cultivation processing and RNA extraction 

After cultivation, the bacterial samples were placed into 5.0 mL tubes. These were 

then centrifuged at 9,000 × g for 5 minutes to pellet the cells. The supernatant was 

carefully removed by suction. The cell pellets were resuspended in 0.6 mL of Buffer 

RLT from the RNeasy Mini Kit (QIAGEN, Germany) and lysed by vortexing for 1 

minute. Next, 0.35 mL of 70% ethanol was added to the lysates, and the mixture was 

thoroughly homogenized by pipetting. The RNA extraction was performed using the 

RNeasy Mini Kit according to the manufacturer's instructions. The concentration of the 

total RNA extracted was determined with a NanoDrop ND-1000 spectrophotometer 

(Thermo Fisher Scientific, USA). To assess the quality of the RNA, an Agilent 2100 

bioanalyzer electrophoresis system (Agilent, USA) was used, ensuring the RNA met 

the required standards for subsequent analyses. This detailed protocol ensured the 

isolation of high-quality RNA from bacterial cells, which is crucial for reliable 

downstream applications such as qPCR, RNA sequencing, and other molecular biology 

techniques. 

2.2.7.3. cDNA synthesis  

To generate cDNA, RNA was subjected to reverse transcription, where total RNA 

served as the template for synthesizing cDNA. This process was carried out using the 

ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO, Japan), 

following the instructions provided by the manufacturer. 

2.2.7.4 Quantitative polymerase chain reaction (qPCR)  

Quantitative PCR (qPCR) was employed to measure the transcription level of the 

priA gene. Specific primers for the priA gene and a segment of the 16S rRNA gene 

were designed using Clone Manager Suite 7 software (© 2020 Sci Ed Software LLC). 

These primers were synthesized by Eurofins Genomics, Japan Co., Ltd. The 16S rRNA 

primers served as housekeeping genes for normalization. The primer details are 

provided in Table 2.1. To provide evidence for proof of the specificity of the primers 
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designed for the RT-qPCR, the specificity of the primers was examined by PCR using 

genomic DNA extracted from E. coli BW25113 or O157:H7 as a template.  

The molecular sizes of the PCR products obtained by both designed primers were 

confirmed by gel electrophoresis, the PCR reaction mixture had a total volume of 10 

μL and consisted of: 5 μL of 2X GoTa q® Green Master Mixes (Promega, Japan), 1 μL 

of 10 μM forward primer, 1 μL of 10 μM reverse primer, 1 μL of 489 ng/μL genomic 

DNA extraction from host strain, and 2 μL of nuclease-free water. Sterilized Milli-Q 

water was used instead of DNA for the control group in PCR. The PCR protocol 

included an initial denaturation step at 95°C for 2 minutes, followed by 30 cycles of 

denaturation at 95°C for 30 seconds, annealing at 52°C for 30 seconds, and extension 

at 72°C for 30 seconds. Subsequently, a final elongation 72°C for 5 minute was 

followed. 

The qPCR reaction mixture had a total volume of 20 μL and consisted of: 10 μL 

of THUNDERBIRD® SYBR qPCR Mix (TOYOBO, Japan), 0.04 μL of 50 × ROX 

reference dye, 0.5 μL of 10 μM forward primer, 0.5 μL of 10 μM reverse primer, 1 μL 

of 800 ng/μL cDNA, and 7.96 μL of nuclease-free water. Sterilized Milli-Q water was 

used instead of cDNA for the control group in qPCR. The qPCR protocol included an 

initial denaturation step at 95°C for 10 minutes, followed by 40 cycles of denaturation 

at 95°C for 30 seconds, annealing at 52°C for 30 seconds, and extension at 72°C for 30 

seconds. Subsequently, a denaturation at 95°C for 1 minute was followed by annealing 

at 55°C for 30 seconds, and a final denaturation at 95°C for 30 seconds. The qPCR 

reactions were carried out on the MX 3000P Real-Time PCR System (Stratagene, 

California, USA). Results were analyzed with MxPro™ Software version 3.00 

(Stratagene, California, USA). RNA quantity was determined based on the Ct value 

derived from the cDNA synthesized during reverse transcription, and the results were 

calculated using the comparative Ct method (2-ΔCt method). 

2.2.8. Statistical evaluation  
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The experiments were conducted three times for each condition to ensure 

reliability and reproducibility of the results. The data are presented as mean values 

accompanied by standard deviations to reflect variability. For statistical analysis, a one-

way analysis of variance (ANOVA) followed by a t-Test was conducted using 

Microsoft Excel 2016 for Windows to determine significant differences between the 

treatment and control groups. A p-value of less than 0.05 was considered indicative of 

statistical significance. This rigorous approach ensured that the findings were robust 

and that any observed differences were unlikely to be due to random chance. 

2.3. Results  

2.3.1 Identification and characterization of phage S127BCL3 

The objective of this research was to find phages capable of lysing E. coli 

BW25113 using single-gene knockout mutants of non-pathogenic E. coli BW25113 as 

host cells. Initially, thirty-two phages were isolated from raw meat samples. These 

phages were then screened for their ability to lyse E. coli BW25113, and fourteen were 

identified as having lytic activity. Among the fourteen phages, phage S127BCL3 was 

particularly noteworthy due to its strong lytic action against E. coli BW25113. Notably, 

this phage did not exhibit any lytic activity against other bacterial species that were 

tested, including S. Typhimurium, S. aureus, L. monocytogenes, and B. cereus. This 

specificity underscores the potential of phage S127BCL3 as a targeted agent against E. 

coli BW25113, highlighting its effectiveness and specificity in bacterial lysis (as 

detailed in Table 2.2). After propagation, the titer of phage S127BCL3 reached 

approximately 1010 PFU/mL. Electron micrographs displayed in Fig. 2.3 revealed that 

phage S127BCL3 has a head diameter of 78.0 ± 8.2 nm and a tail length of 86.1 ± 4.1 

nm, with a contractile tail indicating its classification within the Myoviridae family. 

Myoviridae, a family previously recognized under the order Caudovirales, has been 

abolished in the recent updates by the International Committee on Taxonomy of Viruses 

(ICTV). The members of Myoviridae have now been reclassified into several new 
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families within the class Caudoviricetes based on genomic characteristics rather than 

morphology. The genome of phage S127BCL3 spans 135,530 base pairs, containing 

215 open reading frames (ORFs) and a GC content of 43.2%. The nucleotide sequence 

has been registered under accession number OQ626344 in the GenBank. The genome 

map, provided in Fig. 2.4, indicates the presence of genes for two lytic enzymes and 

the absence of genes associated with lysogenicity. Additionally, ten genes are predicted 

to encode tail fiber proteins, with five of these sharing over 97% sequence identity with 

those of E. coli phage vB_EcoM-ECP26. Therefore, based on genome similarity, phage 

S127 BCL3 could be reclassified into the Vequintavirinae family, similar to phage 

vB_EcoM-ECP26. This comprehensive analysis underscores the specificity and potent 

lytic capability of phage S127BCL3 against E. coli BW25113, along with detailed 

genetic and structural characterization, highlighting its potential utility in phage therapy 

and bacterial research. 

2.3.2 Screening and susceptibility testing of E. coli BW25113 and mutants 

The research began with a comprehensive screening of 3,909 single-gene 

knockout mutants of the non-pathogenic E. coli BW25113 strain, conducted in 96-well 

plates. Among these mutants, ten (Δrpe, ΔyfcD, ΔybcH, ΔyaiW, Δgor, ΔubiE;JW5581, 

ΔdnaK, ΔtolR8, ΔpriA, and ΔtolA) exhibited significantly lower turbidity than the wild-

type strain after 48 h of incubation at a multiplicity of infection (MOI) of 10. This 

reduced turbidity indicated that these mutants were potentially more susceptible to 

phage infection, as illustrated in Fig. 2.5. In parallel, the wild-type parental strain E. 

coli BW25113 was tested for phage susceptibility. Initial observations showed no 

change in turbidity after 6 h of incubation with the phage. However, after 48 h, the 

turbidity increased to levels similar to those of the wild-type strain incubated without 

the phage, suggesting the presence of a phage-resistant cell population within the E. 

coli BW25113 culture. Following the initial screenings, a detailed phage susceptibility 

assay was conducted to further evaluate the ten identified mutants. This involved 
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monitoring the viable cell counts of both the mutants and the wild-type strain over a 

48-hour period in the presence of the phage. The results from this assay revealed that 

the ΔpriA mutant displayed significantly higher vulnerability to phage S127BCL3 

compared to the other nine mutants. This heightened susceptibility is detailed in Fig. 

2.6. The findings from these experiments underscore the critical role of the priA gene 

in conferring resistance to phage infection in E. coli BW25113. The increased 

susceptibility of the ΔpriA mutant to phage S127BCL3 suggests that targeting the priA 

gene could be a promising strategy to enhance the efficacy of phage therapy. These 

results pave the way for further research into the genetic mechanisms of phage 

resistance and the development of targeted phage therapy approaches to combat 

bacterial infections. To investigate the impact of phage treatment on the ΔpriA mutant 

strain, the bacterial cultures were exposed to phage S127BCL3 at different 

multiplicities of infection (MOIs). At an MOI of 10, a substantial reduction in viable 

bacterial counts was observed in the ΔpriA mutant strain, with numbers dropping to 

approximately 101.5 CFU/mL after 4 h of incubation. This reduction was significantly 

more pronounced compared to the wild-type BW25113 strain, which maintained higher 

viable counts under the same conditions. Further analysis showed that after 12 h of 

incubation, the viable bacterial counts in the ΔpriA mutant were about 6 logs lower than 

those in the phage-treated BW25113 strain. This dramatic reduction was sustained, with 

the viable counts remaining at approximately 106 CFU/mL even after 24 and 48 h of 

incubation. The study also explored the effects of a lower MOI of 0.01 on the ΔpriA 

mutant strain. Results indicated that after 48 h, the viable cell count for the ΔpriA 

mutant was 1 log lower than that of the wild-type strain, and after 12 h, it was 5 logs 

lower (Fig. 2.7a). Moreover, the ΔpriA mutant exhibited heightened susceptibility to 

the T7 phage from the Podoviridae family, showing greater vulnerability compared to 

the wild-type strain (Fig. 2.7b). These findings provide comprehensive insights into the 

genetic factors influencing bacterial resistance to phage infections. The increased phage 
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susceptibility observed in the ΔpriA mutant highlights the crucial role of the priA gene 

in conferring resistance, suggesting that targeting this gene could enhance the 

effectiveness of phage therapy. The significant reduction in viable bacterial counts in 

the ΔpriA mutant underscores the potential of phage treatments in managing bacterial 

populations and combating infections. 

2.3.3. Exploring the role of PriA in phage resistance 

The study aimed to understand the involvement of PriA protein in phage resistance 

by evaluating the survival of E. coli BW25113 when exposed to phage S127BCL3 and 

various PriA inhibitors. Previous research (Huang et al., 2015; Voter et al., 2018) 

identified kanamycin, chloramphenicol, and kaempferol as interacting with PriA. 

Consequently, kanamycin and chloramphenicol, both of which inhibit protein synthesis, 

were chosen for the experiments, while tetracycline was included as a negative control 

due to its non-interaction with PriA. The minimum inhibitory concentrations (MIC) 

established were 5 µmol/L for kanamycin, 100 µmol/L for chloramphenicol, and 10 

µmol/L for tetracycline. For treatment purposes, kanamycin and chloramphenicol were 

used at concentrations of 2 µmol/L and 5 µmol/L, while tetracycline was used at 0.5 

µmol/L and 1 µmol/L. Chloramphenicol concentrations were specifically chosen to 

inhibit PriA function below 40 µmol/L, minimizing bactericidal effects and side effects 

(Huang et al. 2015). For kaempferol, with an MIC exceeding 512 µg/mL (1.79 mmol/L), 

treatment concentrations were set at 0.5 and 1 mmol/L (Zhou et al., 2022). As shown 

in Fig. 2.8d, combining tetracycline with the phage did not prevent the regrowth of 

resistant bacteria, and there was no notable difference in the viability of E. coli 

BW25113 across the tetracycline concentrations tested with the phage. However, for 

kanamycin (Fig. 2.8b), a 2 µmol/L concentration did not affect growth, but a reduction 

was observed at 5 µmol/L. In the presence of the phage, a significant drop of about 5 

logs in viable E. coli counts was noted within 3 h of incubation, regardless of the 

kanamycin concentration. When 2 µmol/L of kanamycin was used in combination with 
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the phage, the regrowth of resistant cells was significantly reduced. Furthermore, 

combining the phage with 5 µmol/L of kanamycin completely prevented the regrowth 

of resistant cells. When treated with chloramphenicol alone at a concentration of 5 

µmol/L, no notable impact on E. coli growth was observed (Fig. 2.8a). The viable E. 

coli counts decreased by 4 logs when exposed to the phage alone. This effect was 

intensified by an extra log reduction when 5 µmol/L chloramphenicol was used in 

combination with the phage. Additionally, the combined treatment of chloramphenicol 

and the phage delayed the regrowth of cells that were resistant to the phage. However, 

by 24 h, the viable counts had returned to levels similar to those seen in controls treated 

with the phage alone and with 2 µmol/L chloramphenicol. With both the phage and 5 

µmol/L chloramphenicol, the E. coli counts stayed 1 log below the control level after 

24 h. Conversely, there were no notable differences in the viability of E. coli BW25113 

when treated with the phage alone or in combination with kaempferol at 0.5 and 1 

mmol/L concentrations (Fig. 2.8c). This indicates that kaempferol does not 

significantly enhance phage activity under the tested conditions. These results highlight 

the potential of using kanamycin and chloramphenicol in combination with phages to 

suppress the growth of phage-resistant E. coli populations, emphasizing the critical role 

of PriA in phage resistance mechanisms. 

2.3.4. Impacts of phage and PriA inhibitors on E. coli O157:H7 

 The impact of combining phage with kanamycin or chloramphenicol, previously 

shown to inhibit phage-resistant E. coli BW25113, was also examined on E. coli 

O157:H7. Using phage S127BCL3 with 5 µmol/L kanamycin significantly delayed E. 

coli O157:H7 regrowth, resulting in a 2-log reduction in bacterial count compared to 

the control after 24 h (Fig. 2.9b). Notably, this concentration of kanamycin alone had 

no effect on bacterial growth. Similarly, combining chloramphenicol with the phage 

produced comparable inhibitory effects on E. coli O157:H7 (Fig. 2.9a). These findings 
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highlight the potential for using phage in combination with antibiotics like kanamycin 

and chloramphenicol to control pathogenic E. coli O157:H7. 

2.3.5. Alterations in priA gene expression in E. coli BW25113 and O157:H7 

following phage treatment 

Firstly, the specificity of the designed primers used for RT-qPCR was examined 

by PCR by the extracted E. coli DNA as template. The molecular sizes of the PCR 

products obtained by both designed primers were confirmed by gel electrophoresis, 

showing the single band on the targeted size of 125 bp for the priA gene and 97 bp for 

the 16S rRNA, respectively, without non-specific bands Fig 2.2. Secondly, to 

investigate changes in priA gene expression following phage treatment, after 16 h of 

treatment, samples were taken from E. coli cells both exposed to and not exposed to 

phage. The relative transcription levels of the priA gene in E. coli BW25113 and 

O157:H7 were then measured using qPCR. Figure 2.10 illustrates these transcription 

levels for cells with and without phage treatment. In both strains, the transcription level 

of priA increased significantly, by more than 16-fold, following 16 h of phage exposure 

compared to the control group that did not receive phage treatment. Finally, the 

significant upregulation of priA expression following phage treatment suggests a 

critical role for this gene in the bacterial response to phage infection, offering further 

insights into bacterial defense mechanisms. 

2.4. Discussion 

There are two switch modes of chromosomal DNA replication found in the 

Escherichia coli. Therefore, E. coli utilizes two priming reactions for DNA replication: 

the normal OriC system and the phiX system, which is named after phage ΦX174 and 

requires a more complex primosome for initiation (Masai et al., 1994). Masai et al. 

(1994) noted that the OriC replication system is dependent on the DnaA protein. 

However, they also described an alternative replication system that utilizes the PriA-

based primosome. According to Masai and Arai (1996), E. coli has the ability to switch 
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between these two distinct replication modes in response to varying environmental 

conditions, demonstrating a remarkable adaptability (Masai and Arai, 1996). Typically, 

chromosome replication is carried out by the high-fidelity DnaA-dependent method; 

However, under adverse conditions such as DNA damage or nutrient scarcity, the 

bacteria may temporarily adopt the lower fidelity PriA-dependent mode associated with 

recombination-dependent DNA repair. When infected by phages, E. coli cells, which 

are already under stress, might thus predominantly rely on PriA for DNA replication. 

PriA is one of seven key primosomal proteins, alongside PriB, PriC, DnaT, DnaB, 

DnaC, and DnaG (Sandler and Marians, 2000). It is crucial for the primosome's proper 

positioning to remove single-strand binding proteins (SSBs) from single-stranded DNA 

(ssDNA). PriA consists of two main domains: an N-terminal replication fork 

recognition domain and a C-terminal DNA helicase domain. Within the N-terminal 

domain, there is a specialized pocket structure that binds to the 3' end of the DNA strand. 

This structure allows PriA to identify and attach to the arrested replication fork, 

facilitating the initiation of DNA replication by positioning the primosome correctly  

(Michel and Sandler, 2017). Deletion of the priA gene results in inhibited DNA 

replication mechanisms in priA-deficient strains compared to wild-type strains, based 

on the aforementioned findings. After inserting their own phage DNA into the host 

bacterium, phages increase the number of daughter phages by utilizing the host 

bacterium's DNA replication mechanism, which are then released from the host 

bacterium by lysis. Therefore, it is assumed that if the DNA replication mechanism of 

the host bacterium is inhibited, the phage's bactericidal effect would diminish. However, 

the results of this study show that the priA-deficient strain was more susceptible to 

phage than the wild-type strain. Since phage treatment effectively killed the priA-

deficient strain, it is unlikely that the host bacteria's DNA replication machinery is 

completely inhibited. This suggests that E. coli has an alternative DNA replication 

mechanism that compensates when the priA gene is deleted. The activation of this PriA-
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independent replication pathway may explain the increased phage susceptibility 

observed in the priA-deficient strain. Damage to the DNA or stress-induced SOS 

responses necessitates that the replication fork be repaired and restarted. E. coli exhibits 

three restart pathways: PriA/PriB, PriA/PriC, and PriC/Rep (McKenzie et al., 2022). 

While PriA is vital for restarting replication, the PriC pathway can also restart 

replication in the absence of PriA (Leroux et al., 2017). This suggests that E. coli has 

an alternative DNA replication system even without the priA gene, which could explain 

the heightened phage sensitivity in priA-deleted mutants.  

Certain compounds can suppress PriA function by either disrupting its interaction 

with the single-strand binding protein (SSB) or by inhibiting its ATPase activity (Huang 

et al., 2015; Voter et al., 2018). For instance, kanamycin and chloramphenicol are 

known to interfere with the PriA-SSB interaction  (Voter et al., 2018). Research has 

indicated that chloramphenicol concentrations below 40 μM are effective in inhibiting 

PriA function. These antibiotics inhibit protein synthesis by binding to the 30S and 50S 

ribosomal subunits of bacteria, respectively (Bulkley et al., 2010; Chulluncuy et al., 

2016). To minimize bactericidal effects while inhibiting PriA function, this study used 

low concentrations of chloramphenicol (2 and 5 µmol/L). Additionally, naturally 

derived substances without antibiotic properties were also investigated for their ability 

to inhibit PriA. One such substance, kaempferol, a flavonoid, was found to inhibit PriA 

by blocking its ATPase activity (Huang et al., 2015). In this study, kaempferol showed 

no antibacterial activity at the concentrations used, with a MIC of more than 512 µg/mL 

(1.79 mmol/L) (Zhou et al., 2022). However, even at a high concentration of 1 mmol/L, 

kaempferol did not significantly enhance the phage's effect on E. coli, likely due to the 

external layer of gram-negative bacteria, which makes it challenging for flavonoids to 

penetrate the cell. Conversely, the effects were more pronounced when kaempferol was 

used with phages on gram-positive bacteria such as Enterococcus faecalis (data not 

shown). Overall, the research observed that kanamycin and chloramphenicol, which 
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interfere with PriA functionality, increased phage vulnerability in E. coli BW25113 and 

delayed the recovery of phage-resistant cells. The study investigated the impact of 

combining phages with antibiotics, specifically chloramphenicol or kanamycin, on E. 

coli O157:H7. The results indicated that this combined treatment could significantly 

enhance the efficacy of phage therapy. This finding suggests a promising approach for 

improving the effectiveness of phage therapy in combating bacterial infections. In our 

initial study, deleting nine additional genes seemed to enhance phage susceptibility for 

several reasons. For instance, the yfcD gene is thought to encode a Nudix hydrolase 

(NUDX), which breaks down nucleoside diphosphate analogs (Morrison et al., 2016). 

NUDX is involved in metabolic regulation, stress-induced cell death, and defense 

mechanisms (Yoshimura and Shigeoka, 2015). Therefore, the absence of yfcD likely 

reduces NUDX activity, increasing vulnerability to phages. The rpe gene encodes D-

ribulose-5-phosphate 3-epimerase, an enzyme critical for the pentose phosphate 

pathway that generates reducing agents like NADPH (Tan et al., 2016). Deleting rpe 

disrupts this pathway, resulting in poor E. coli growth (Lyngstadaas et al., 1998), which 

may increase phage susceptibility due to impaired cellular functions. Additionally, the 

gor gene encodes glutathione oxidoreductase, an enzyme essential for converting 

oxidized glutathione to its reduced form, which is crucial for maintaining cellular 

antioxidant defenses (Greer and Perham, 1986). The loss of gor impairs this defense 

mechanism, making the bacteria more prone to phage attacks. In summary, the deletions 

of these genes affect various cellular pathways and defense mechanisms, leading to 

increased sensitivity of E. coli to phages. The ubiE gene encodes an enzyme involved 

in ubiquinone biosynthesis, encoding a methyltransferase. Ubiquinone functions as a 

cofactor in the electron-transfer system and as an antioxidant (ArcA-ArcB system) (Lee 

et al., 1997). Deletion of ubiE disrupts these functions, potentially increasing phage 

susceptibility. The function of yaiW remains unclear, but it is known to be a cell surface 

lipoprotein involved in environmental signal transduction. Loss of yaiW may affect 
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phage infectivity due to changes in cell surface structure and membrane potential 

maintenance. The function of the ybcH gene product in E. coli is not currently known. 

The genes tolR and tolA are part of the Tol-Pal system, essential for membrane stability 

in gram-negative bacteria (Wojdyla et al., 2015). Deletion of these genes destabilizes 

the cell membrane, enhancing phage vulnerability. The dnaK gene codes for the heat 

shock protein DnaK, a molecular chaperone involved in protein folding and refolding 

(Mayer and Bukau, 2005). Loss of dnaK likely leads to protein aggregation, including 

proteins involved in phage defense, increasing phage susceptibility, further 

investigation is required to identify which protein refolding is critical in phage defense. 

Several phage defense mechanisms have been reported in bacteria, such as preventing 

phage adsorption through receptor deficiency, the CRISPR/Cas system, extracellular 

matrix production, physical inhibition of phage binding, and programmed cell death to 

protect other cells. The CRISPR/Cas system, for example, excises and remembers parts 

of foreign genes, such as phage genomes, to defend against subsequent infections. The 

cmr gene is involved in this system, and its deletion leads to decreased turbidity at 6 h 

post-infection but increased turbidity at 48 h, indicating incomplete inhibition of phage 

resistance with a single gene deletion. Other defense mechanisms encompass a variety 

of strategies, such as blocking the entry of phage DNA into the cell, cleaving phage 

genomes via the restriction-modification system, initiating programmed cell death, and 

producing an extracellular matrix. The extracellular matrix, composed of a complex 

network of polysaccharides and proteins, serves as a physical barrier, preventing phage 

particles from accessing the bacterial cell surface. Additionally, by inhibiting the entry 

of phage DNA, bacteria can thwart the infection process at an early stage, thereby 

enhancing their defense against phage attacks. Programmed cell death further prevents 

the spread of phages by sacrificing infected cells. These mechanisms can be either 

natural or acquired in response to phage infection. The experimental system used 96-

well plates for screening due to the large number of test strains, which may have 
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affected the frequency of contact between bacteria and phages compared to test tube 

experiments. The primary screening method using toothpicks for seeding bacteria may 

have introduced variability in MOI between samples. Despite repeated secondary 

screening and antimicrobial testing, some defective strains not selected in the primary 

screening may have been important for phage resistance.  

In this study, cells treated with phage for 16 h exhibited a significant increase in 

the transcription level of priA compared to cells that were not exposed to phage. This 

suggests that phage treatment triggers an upregulation of priA, highlighting its potential 

role in the bacterial response to phage infection. At this point, most cells had become 

phage-resistant cells. However, phage resistance decreased in the presence of a 

substance at low concentrations (5 µmol/L) (Fig. 2.10). If PriA is crucial for phage 

resistance and this resistance is not due to mutations in the receptor, it might be possible 

to kill the phage-resistant cells again using the same phage combined with PriA 

inhibitors at concentrations sufficient to inhibit PriA function. Additionally, the 10 

mutants with deleted genes selected in this study do not cover all the genes involved in 

the phage resistance mechanism. Further research on genes involved in the 

CRISPR/Cas system and creating strains deficient in multiple genes or inhibiting these 

genes' functions together will help clarify phage resistance mechanisms. This study 

represents the first investigation into screening for phage resistance genes using the 

Keio collection, while also exploring the role of PriA in both phage resistance and 

susceptibility. The results highlight the importance of these genes in phage defense and 

suggest potential targets for enhancing phage therapy. 
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2.5. Summary 

Chapter 2 revealed that 10 mutants with deleted genes were selected for phage 

resistance by screening the 3,909 single-gene mutants of E. coli BW25113 from the 

Keio collection. The priA mutant showed the most significant increased vulnerability 

to the phages S127 BCL3 and T7. Additionally, E. coli BW25113 exhibited increased 

phage susceptibility when exposed to chloramphenicol or kanamycin, which inhibit 

PriA at sub-MIC concentrations. The regrowth of phage-resistant E. coli BW25113 

cells was suppressed when combined with phage and these substances. Similar effects 

were observed in E. coli O157:H7, suggesting a promising combined effect for phage 

therapy. Phage defense strategies in bacteria are varied, and it is typical for bacteria to 

have multiple mechanisms to counteract phage attacks. Given this variety, bacteria are 

believed to combat phage threats by employing a combination of different defense 

tactics. In light of this, investigating further genes that play a role in phage defense, 

along with the functions of PriA, and exploring how they operate together in foodborne 

pathogens could aid in preventing the emergence of phage-resistant pathogens.  
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Table 2.1. Primers designed and used in quantitative real-time PCR.   

Gene aPrimer sequence 5ꞌ-3ꞌ Primer length 

priA 

F: GCGATTGAATACCGAACAGG 20 

R: CCAGTACGCTGAGATAAACC 20 

16S rRNA 

F: GTGAAATGTTGGGTTAAGTC 20 

R: AGTTTATCACTGGCAGTCTC 20 

aF: forward, R: reverse. 

   

Fig. 2.2. The specificity of the primers.  
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Table 2.2. The lytic spectra of isolated phage S127BCL3 

Tested strains Source of strains  Lytic 

activity 

Salmonella Typhimurium 

NBRC12529 

Biological Resource Center, Tokyo Japan  - 

Staphylococcus aureus 

NCTC8325 

UK Health Security Agency, Salisbury, UK  - 

Listeria monocytogenes 

ATCC15313 

American Type Culture Collection, USA  - 

Bacillus cereus JCM2152 RIKEN BioResource Research Center, Ibaraki, 

Japan. 

 - 

Escherichia coli O157:H7 

(EC-071) 

Fukuoka City Institute of Health and 

Environment, Fukuoka, Japan 

 + 

Escherichia coli BW25113 National Institute of Genetics, Shizuoka, 

Japan 

 + 

+: positive 

-: negative 
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Fig. 2.3. Transmission electron microscopy image of phage S127BCL3. The head 

and tails were visible. The existence of a contractile tail indicates that this phage is a 

member of the Myoviridae family. Scale: 100 nm. 

 

 

 

 

 

Fig. 2.4. Genetic layout of phage S127BCL3. The double-helical DNA genome of 

phage S127BCL3 contains genes for two lytic enzymes (cell wall hydrolase and 

glycoside hydrate). With a genome length of 135,530 bp, it is presumed that ten of these 

genes code for tail fiber proteins. Based on genome similarity, phage S127 BCL3 could 

be reclassified into the Vequintavirinae family, similar to phage vB_EcoM-ECP26. 
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Fig. 2.5. Effect of phage S127BCL3 on E. coli BW25113, ΔgapC and Δrpe mutants. WT (Wild-type) refers to the parental E. coli BW25113 

strain without any gene deletions. The E. coli Δrpe gene-deletion mutant strain (red color) represents nine other strains (ΔyfcD;JW2296, 

ΔybcH;JW0556, ΔyaiW;JW0369, Δgor;JW3467, ΔubiE;JW5581, ΔdnaK;0013, ΔtolR;JW0728, ΔpriA;JW3906, and ΔtolA;JW0729) that did not 

show increased turbidity 24 and 48 h after phage treatment. Conversely, the E. coli ΔgapC gene-deletion mutant strain (green color) represents 

those that did exhibit increased turbidity at these times.
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Fig. 2.6. Impact of phage S127 BCL3 on E. coli BW 25113 (○, ●) and ten single-

gene deletion mutants (△ , ▲ ), incubated with (filled symbols, solid lines) and 

without (open symbols, dashed lines) the phage at an MOI of 10. Values are means ± 

SD for 3 separate experiments.  
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(a) phage S127BCL3  

 

(b) phage T7 

 

Fig. 2.7. Comparative analysis of susceptibility between E. coli BW25113 (○, ●) 

and ΔpriA mutant (△, ▲) to phage S127BCL3 (a) and T7 (b). The experiments 

involved incubation with phage S127BCL3 at an MOI of 0.01, indicated by filled 

symbols, and without phage, indicated by open symbols. The data represent the mean 

values ± standard deviation from three independent experimental replicates. 
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  (a)  Chloramphenicol                (b) Kanamycin 

 

  (c)  Kaempferol                     (d) Tetracycline  

Fig. 2.8. Impact of chloramphenicol (a), kanamycin (b), kaempferol (c), and 

tetracycline (d) on the phage vulnerability of E. coli BW25113. The experiments 

included cultures of E. coli with (filled symbols) and without (open symbols) phage 

S127BCL3 at an MOI of 0.001. Tetracycline was tested at concentrations of 0 (○, ●), 

0.5 (△, ▲), and 1 (□, ■) µmol/L; kanamycin at 0 (○, ●), 2 (△, ▲), and 5 (□, ■) µmol/L; 

chloramphenicol at 0 (○, ●), 2 (△, ▲), and 5 (□, ■) µmol/L; and kaempferol at 0 (○, ●), 

0.5 (△, ▲), and 1 (□, ■) mmol/L. These data represent the mean values ± standard 

deviation from three independent experiments. 
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  (a)  Chloramphenicol                                 

 
   (b) Kanamycin 

 

Fig. 2.9. Effect of chloramphenicol (a) and kanamycin (b) on the phage 

vulnerability of E. coli O157:H7. The bacteria were cultured with (filled symbols) 

and without (open symbols) phage S127BCL3 at an MOI of 0.01. Chloramphenicol 

concentrations tested were 0 (○, ●), 2 (△, ▲), and 5 (□, ■) µmol/L, while kanamycin 

concentrations were also tested at 0 (○, ●), 2 (△, ▲), and 5 (□, ■) µmol/L. The values 

represent means ± standard deviation from three separate experiments. 
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Fig. 2.10. Comparison of priA gene expression in phage-resistant and -sensitive E. 

coli BW25113 and O157:H7 populations. The experiment involved incubating the 

bacteria with phage S127BCL3 at an MOI of 0.001 for 16 h, alongside a control without 

phage. After incubation, total RNA was extracted, and qPCR was used to quantify priA 

transcription levels. The data are presented as means ± standard deviation from three 

independent experiments, with statistical significance denoted by asterisks (*) 

indicating p < 0.05 
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Chapter 3. Control of phage-resistant Escherichia coli populations 

through PriA inhibition and flavonoid application 

3.1. Introduction  

The development of bacterial populations that are resistant to phages poses a 

significant challenge to the use of bacteriophages in food applications. To address this 

burden, chapter 2 has confirmed the priA gene involving in E. coli’s resistance to 

phages and the function of PriA inhibition contributed to slow the resurgence of E. coli 

populations resistant to phages. Additionally, the transcription level of priA was found 

to rise significantly in populations resistant to phages. If the expression of PriA was 

essential for resistance to phage S127 BCL3 and the phage receptors in the resistant 

cells remain unchanged, it is feasible that these phage-resistant cells could be 

susceptible to reinfection by the same phage combined with PriA inhibitors at doses 

sufficient to suppress the enhanced function of PriA. Therefore, it is necessary to 

examine the phage-resistant populations.  

However, phage resistance is governed by multiple genes through various 

mechanisms. In our preliminary experiment, among the 3,909 strains, nine other 

deletion mutant strains (ΔdnaK;JW0013, Δgor;JW3467, ΔtolA;JW0729, ΔtolR;JW0728, 

ΔubiE;JW5581, Δrpe;JW3349, ΔybcH;JW0556, ΔyaiW;JW0369, and ΔyfcD;JW2296) 

also exhibited a higher phage vulnerability compared to the parental strain of E. coli 

BW25113 (Fig. 2.5). Therefore, the synergistic impacts of PriA inhibition and targeting 

other resistance mechanisms associated with different genes could lead to greater 

suppression of regrowth in phage-resistant populations. There is study reported that the 

chaperone protein DnaK involving in CRISPR adaptation through the interaction with 

the Cas1–Cas2 complex and modulating its activity, specifically by inhibiting the DNA 

binding and integration abilities of the complex, which are essential for the capture and 

integration of mobile genetic elements (MGEs) DNA into CRISPR sites in Escherichia 

coli (Killelea et al., 2023). They found that DnaK inhibits the naive adaptation process 
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in cells without pre-existing immunity. This process is critical for the capture and 

integration of MGE DNA by Cas1–Cas2. The inhibition by DnaK is a protective 

mechanism to prevent erroneous targeting of the host's own DNA. However, the study 

suggests that under certain conditions, such as the lack of DnaK or the existence of 

phage proteins, this inhibition can be lifted, allowing the CRISPR system to acquire 

new spacers from invading MGEs effectively. It highlights the role of DnaK in 

regulating the CRISPR system's ability to acquire new genetic material, ensuring the 

precise targeting of foreign DNA while preventing self-targeting. This connection 

suggests a sophisticated level of regulation and targeting in the CRISPR-Cas system, 

facilitated by the interaction with DnaK.  

The versatile DnaK chaperone system, comprising the DnaK, DnaJ, and GrpE 

complex, plays a fundamental role in Escherichia coli by ensuring the proper folding, 

repair, and degradation of proteins. This system is indispensable for maintaining 

essential cellular functions across a range of conditions, including both normal 

physiological states and various stress conditions. The significance of the DnaK 

chaperone system extends to its involvement in critical processes such as protein 

homeostasis, stress response, and recovery from protein denaturation (Mayer and 

Bukau, 2005). The principal heat shock proteins in bacteria include DnaK, DnaJ, 

GroEL, and HtpG. These proteins are vital for bacterial survival and adaptation, 

especially under thermal and other environmental stresses. Notably, the DnaK and DnaJ 

proteins work together to facilitate the correct folding of newly synthesized and stress-

damaged proteins. This pair is crucial in preventing the aggregation of misfolded 

proteins, thereby ensuring cellular viability and function during stressful conditions. 

The joint action of DnaK and DnaJ supports protein folding and plays a critical role in 

the bacterial stress response, helping the cell to withstand and recover from adverse 

situations.(Genevaux et al., 2007). DnaK, commonly referred to as heat shock protein 

Hsp70, has a molecular mass of 70 kDa and is predominantly localized in the cytoplasm. 

This protein is essential for maintaining cellular homeostasis by preventing protein 
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misfolding, especially during cellular stress responses (Hesterkamp and Bukau, 1998). 

In bacteria, DnaK is indispensable for survival when exposed to environmental 

stressors such as high temperatures, increased levels of heavy metals, or the presence 

of antibiotics (Mayer et al., 2000). The ATPase activity of DnaK, which is stimulated 

by DnaJ, can be suppressed by preventing the assembly of the DnaK-DnaJ interaction 

in vitro (Cesa et al., 2013; Chang et al., 2011). Myricetin has been reported to inhibit 

the cellular function of DnaK (Chang et al., 2011). This widely recognized plant 

flavonoid, present in many food ingredients, holds potential nutraceutical benefits. 

(Sato et al., 2013). Myricetin (Fig. 3.1) is noted for its pharmacological properties, 

which include antioxidant, cytoprotective, anticancer, antiviral, antiplatelet, anti-

inflammatory, and lipid-lowering effects  Ong and Khoo, 1997). Additionally, 

Numerous studies have demonstrated that flavonoids possess antimicrobial activity 

against pathogens. (Júnior et al., 2018). In this chapter 3, the dnaK gene knockout 

mutant strain of E. coli BW25113 was selected for the investigation of the synergistic 

impact with PriA inhibition. Subsequently, the combined effects of myricetin with PriA 

inhibitor (chloramphenicol) on the phage vulnerability of E. coli BW25113 and 

O157:H7 were investigated.  

 

Fig. 3.1.  The flavonoids used in this research have a specific molecular structure. 

 

3.2. Materials and methods 

3.2.1. Bacterial strains, inoculum preparation, and culture conditions 
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The E. coli O157:H7 strain (EC-071) was supplied by the Fukuoka City Institute 

of Health and Environment in Fukuoka, Japan. Meanwhile, E. coli BW25113, the 

parental strain that lacks kanamycin resistance, along with kanamycin-resistant single-

gene knockout strains, were acquired from the National Institute of Genetics in 

Shizuoka, Japan. The bacterial strains were preserved in a microbank at −80 °C. The 

single-gene knockout strains were cultured in LB and TSA media supplemented with 

200 mg/L kanamycin. Before use, the bacterial strains were streaked onto tryptic soy 

agar (TSA; Becton Dickinson and Company, Sparks, MD, USA) to obtain isolated 

colonies. A single colony was then selected and transferred into 5 mL of Luria Bertani 

broth (LB; Becton Dickinson and Company, Sparks, MD, USA). The inoculated broth 

culture was incubated overnight at 37 °C with continuous shaking at 130 rpm. This 

incubation period allowed the cells to reach the stationary growth phase, ensuring 

optimal conditions for subsequent experimental procedures. The culture's optical 

density (OD) was assessed using a UV-160 spectrophotometer (Shimadzu, Japan) at 

600 nm to determine cell concentrations. Following measurement of the optical density, 

the culture was diluted with LB broth to achieve approximately 108 CFU/mL (OD600 = 

0.1 for BW25113 and O157:H7 strains, 0.3 for the ΔdnaK mutant strain, and 0.6 for the 

ΔpriA mutant strain). This bacterial suspension was then employed in subsequent 

experiments. 

3.2.2. Propagation of the phage S127BCL3 

Phage S127BCL3 was used from the chapter 2 isolated from chicken liver. For 

propagation, this phage S127BLC3 was mixed with E. coli BW25113 or O157:H7 (EC-

071, its original host strain) and incubated overnight at 37°C in LB medium with 

shaking for exponential growth. Phage S127BLC3, propagated with E. coli BW25113, 

was utilized to infect both E. coli BW25113 and the single-gene knockout mutants. 

Additionally, Phage S127BLC3, propagated with E. coli O157:H7, was used to infect 

E. coli O157:H7. Post-culture, the mixture was centrifuged at 12,000 × g for 5 minutes 

at 4°C. The phage solution was obtained by filtering the supernatant through a 0.22 µm 

pore size sterilization filter (As One Corp., Osaka, Japan) and then stored at 4 °C. The 
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phage stock had a titer of 1010 PFU/mL, calculated from the number of plaques formed 

after overnight incubating process. The phage was then diluted in saline magnesium 

(SM) buffer, consisting of 0.05 mol/L Tris-HCl buffer (pH 7.5) with 0.1 mol/L NaCl, 

0.008 mol/L MgSO4, and 0.01% gelatin. 

3.2.3. Preparation of myricetin and chloramphenicol 

Myricetin, sourced from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan) with a 

purity exceeding 97.0%, was mixed with 100% dimethyl sulfoxide (DMSO, Nacalai 

Tesque Co., Ltd., Japan) at a concentration of 50 mmol/L. The solutions underwent 

sterilization via filtration using a Millex®-FG membrane filter (0.20 μm pore size, 

Millipore, Carrigtwohill, Co., Inc., Cork, Ireland). Chloramphenicol from Nacalai 

Tesque, Inc., Japan, was prepared at a concentration of 20 mg/mL in 99.5% ethanol, 

filtered, and diluted to 5 mmol/L. All solutions were stocked at −4 °C before the 

experimental use. 

3.2.4. Selection of phage-resistant E. coli O157:H7 strains 

E. coli O157:H7 strains (EC-071) were grown overnight at 37 °C in 5 mL of Luria 

Bertani (LB) medium with agitation at 130 rpm. 500 µL of bacterial suspension 

(containing 108 CFU/mL) was introduced to a test tube containing 4 mL of LB 

containing 1 mmol/L CaCl2. Then, 500 µL of phage solution, standardized to a 

concentration of 105 PFU/mL with a multiplicity of infection (MOI) of 0.001, was 

introduced and mixed with the bacterial suspension, then cultured at 37 °C with 

agitation at 130 rpm for 16 h to obtain phage resistant cells in the stationary phase of 

growth. The resistant bacterial resistant strains were streaked onto tryptic soy agar (TSA; 

Becton Dickinson and Company, Sparks, MD, USA) and incubated at 37 °C overnight 

until the colonies formed. A single colony was randomly picked and repeated the phage 

treatment process again for twice infection with phage. After the second infection, the 

single colonies were randomly picked on the TSA and confirmed the phage resistance 

by spot test method with the phage solution, standardized to a concentration of 1010 
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PFU/mL. The phage-resistant strains were stocked at -80 °C in 15% glycerol for the 

experimental use.  

3.2.5. Phage reinfection treatment of phage-resistant E. coli O157:H7 strains 

To explore the impacts of enhanced PriA inhibition on phage vulnerability of 

phage-resistant E. coli O157:H7, the following method was conducted. In a test tube 

with 4.5 mL of LB broth containing 1 mmol/L CaCl2, 0.5 mL of a phage-resistant E. 

coli O157:H7 suspension (103 CFU/mL) was added to reach a final concentration of 

102 CFU/mL. For the treatment group, 5 µL of chloramphenicol solution was added to 

achieve 5 µmol/L. Both groups were incubated at 37 °C with constant shaking for 6 h. 

Controls received 5 µL of 99.5% ethanol instead. After 6 h, 50 µL of phage S127BCL3 

was added to achieve final concentrations of 108 PFU/mL (without chloramphenicol) 

and 106 PFU/mL (with chloramphenicol), ensuring an MOI of 10. Control groups 

received SM buffer instead of the phage. The mixtures were incubated at 37 °C with 

shaking at 130 rpm for 24 h. 

3.2.6. Myricetin and phage treatment of E. coli ΔpriA mutant strain 

To explore the effects of myricetin on the phage vulnerability of ΔpriA mutant 

strain, the following method was employed. A total of 4.5 mL of LB broth containing 1 

mmol/L CaCl2 was prepared in a test tube. Then, 0.5 mL of E. coli ΔpriA mutant cell 

suspension at concentrations of 108 CFU/mL and 106 CFU/mL was introduced to 

achieve final concentrations of 107 CFU/mL (for the flavonoid treatment) and 105 

CFU/mL (for the control without flavonoids), respectively. Next, 50 µL of flavonoid 

solutions were added to the cell suspensions to reach a final concentration of 500 

µmol/L for myricetin treatment. The cell suspensions were shaken constantly and 

incubated at 37°C for 6 h. For the control samples, 50 µL of DMSO was used instead 

of the flavonoid solution. After the 6-hour incubation, 50 µL of phage S127BCL3 

suspension was introduced to achieve final concentrations of 108 PFU/mL (MOI=10) 

and 104 PFU/mL (MOI=0.001), respectively, and incubated at 37°C. In the control 
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samples, instead of adding the phage suspension, an equivalent volume of SM buffer 

was used in the controls. The mixtures were then incubated at 37°C with agitation at 

130 rpm for 48 h. 

3.2.7. Chloramphenicol and phage treatment of E. coli ΔdnaK mutant strain 

To explore the effects of chloramphenicol on the phage vulnerability of the ΔdnaK 

mutant strain, the following procedure was utilized. A test tube containing 4.5 mL of 

LB broth containing 1 mmol/L CaCl2 was prepared. To this broth, 0.5 mL of an E. coli 

ΔdnaK mutant cell suspension with a concentration of 107 CFU/mL was added to 

achieve a final concentration of 106 CFU/mL. The cell suspensions were shaken 

continuously and incubated at 37°C for 6 h. After this incubation period, 5 µL of 

chloramphenicol solution was added to achieve a final concentration of 5 µmol/L for 

the chloramphenicol treatment. For the control group, 5 µL of 99.5% ethanol was used 

instead of the chloramphenicol solution. Subsequently, 0.5 mL and 50 µL of phage 

S127BCL3 suspension were introduced to reach final concentrations of 109 PFU/mL 

(MOI=10) and 106 PFU/mL (MOI=0.01), respectively, and incubated at 37°C. In the 

control samples, instead of the phage suspension, an equal amount of SM buffer was 

substituted to the cell suspensions, then incubated at 37°C with constant shaking for 6 

h. The mixtures were incubated at 37°C with agitation at 130 rpm for 48 h. 

3.2.8. Combined treatment with chloramphenicol and phage of E. coli BW25113 

and O157:H7 pretreated with myricetin  

To explore the combined impacts of flavonoids and chloramphenicol on the phage 

vulnerability of E. coli BW 25113, the following method was utilized. In a test tube 

containing 4.5 mL of LB broth containing 1 mmol/L CaCl2, 0.5 mL of cell suspension 

with concentrations of 107 CFU/mL and 106 CFU/mL was introduced to achieve final 

concentrations of 106 CFU/mL (with/without flavonoid treatment) and 105 CFU/mL 

(control without flavonoids), respectively. To these cell suspensions, 50 µL of 
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myricetin solutions were introduced to reach a final concentration of 500 µmol/L. 

Afterward, the suspensions were subjected to constant shaking at 37°C for 6 h. In the 

control samples, the myricetin solution was substituted with 50 µL of DMSO. After the 

6-hour incubation, 0.5 mL of phage S127BCL3 suspension was introduced to achieve 

a final concentration of 109 PFU/mL (MOI=1) and incubated at 37°C. In the control 

samples, an equal volume of SM buffer was introduced instead of the phage suspension. 

The mixtures were incubated at 37°C with agitation at 130 rpm for 48 h. Similar 

experiments using myricetin were conducted on E. coli O157:H7 (EC-071).  

3.2.9. Viable count determination 

  Samples of 20 μL were taken from each tube at 0, 6, 9, 12, 24, and 48 h. These 

samples were then serially diluted 10-fold with phosphate buffered saline (PBS, pH 7.4, 

containing 137 mmol/L NaCl, 8.10 mmol/L Na2HPO4, 2.68 mmol/L KCl, and 1.47 

mmol/L KH2PO4). For E. coli O157:H7, the pH of PBS was adjusted to 2 (acid 

condition) for the purpose of reducing the phage-produced endolysin influences on the 

spotted samples. Then, 10-μL and 100-μL aliquots of each dilution were spotted or 

spread on TSA plates. Following overnight incubating process at 37°C, viable cell 

counts were determined by counting colonies.  

3.2.10. Statistical evaluation 

The experiments were conducted three times for each condition to ensure 

reliability and reproducibility of the results. The data are presented as mean values 

accompanied by standard deviations to reflect variability. For statistical analysis, a one-

way analysis of variance (ANOVA) followed by a t-Test was conducted using 

Microsoft Excel 2016 for Windows to determine significant differences between the 

treatment and control groups. A p-value of less than 0.05 was considered indicative of 

statistical significance. This rigorous approach ensured that the findings were robust 

and that any observed differences were unlikely to be due to random chance. 
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3.3. Results 

3.3.1. Effects of PriA inhibitor on phage vulnerability of phage-resistant E. coli 

O157:H7 

In chapter 2, the transcription level of priA increased significantly among phage-

resistant E. coli populations (Figure 2.10). To examine if these phage-resistant cells 

could be susceptible to reinfection by the same phage combined with PriA inhibitors, 

the selection strains of phage-resistant E. coli O157:H7 were pretreated with 5 µmol/L 

of chloramphenicol for 6 h before the same phage S127 BCL3 addition. As shown in 

Fig. 3.2, in the lack of chloramphenicol, there was no significant difference observed 

in the viable counts between the control (without phage treatment) and the phage-

resistant cells cultured with phage alone. However, the viable cell counts in the 

existence of 5 µmol/L chloramphenicol for 6 h were 2 log lower than those of cells 

without chloramphenicol pretreatment. The phage-resistant cells showed antibiotics 

sensitivity again after 6 h at 5 µmol/L of chloramphenicol without phage treatment. 

After 3 h and 6 h of phage addition in the existence of chloramphenicol, the viable 

counts of the resistant cells were respectively 4.8 log and 5.9 log CFU/mL, which were 

respectively 1.3 and 1.6 log lower than those of the cells without the phage addition. 

Therefore, phage sensitivity significantly increased among phage-resistant cells at 9 

and 12 h of chloramphenicol incubating process. It is interesting to observe that the 

viable counts of the resistant cells remain unchanged after 3 h of phage treatment with 

chloramphenicol, maintaining the same level as when in a resting state.  

3.3.2. Impact of myricetin treatment duration on phage vulnerability of E. coli  

To explore the impacts of myricetin treatment duration on the phage vulnerability 

of E. coli BW25113 (wild-type strain), E. coli cultures were initially exposed to a 

pretreatment process involving 500 µmol/L of myricetin from 0 to 12 h before phage 

exposure (Fig. 3.3). The viable cell counts were similar with and without myricetin 

when the phage was added after 0 and 3 h of incubating process. However, during the 
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pretreatment with myricetin at 6 and 9 h, there was a significant increase in phage 

sensitivity. This enhanced susceptibility was observed consistently, indicating the 

effective impact of myricetin on the bacterial cells over these time periods (Fig. 3.3c 

and 3.3d). E. coli BW25113 cells that were pretreated with myricetin for 6 and 9 h 

exhibited viable counts that were 1.5 and 1.3 logs lower, respectively, compared to 

untreated cells after 6 h of phage exposure. This indicates a substantial reduction in 

bacterial viability due to the combined effects of myricetin pretreatment and phage 

exposure. Consequently, a 6-hour myricetin pretreatment was chosen for subsequent 

experiments. 

3.3.3. Impacts of myricetin and phage on the control of viability and regrowth of 

E. coli ΔpriA mutant strain 

To investigate the effects of myricetin on phage vulnerability of ΔpriA mutant 

strain, the strain underwent pretreatment with 500 µmol/L myricetin for 6 h and then 

added with phage S127BCL3 after the pretreatment. The MOIs were set to be high and 

low with the phage S127BCL3 final concentration of 108 PFU/mL (MOI=10) and 104 

PFU/mL (MOI=0.001), respectively. Regardless of the MOI being high or low, the 

viable count in the myricetin treatment group was 1 log lower than those of cells that 

did not receive myricetin after 6 h of phage exposure (Fig. 3.4). However, after 24 h of 

incubating process, the viable count in the myricetin treatment group with phage at high 

MOI was 2 logs lower compared to the group with phage alone (Fig. 3.4a), whereas in 

the low MOI, the difference remained at 1 log. After 48 h of incubating process, the 

regrowth of phage-resistant bacteria in combination with myricetin remained 1 log 

lower than those of the cells without myricetin treatment at both high and low MOI. It 

is important to note that in the myricetin treatment group with low MOI (Fig. 3.4b), the 

viable count remained at 7 log CFU/mL after 3 h of phage addition, consistent with the 

level before phage addition. Treatment with a high MOI of phage reduced the lysis of 

the ΔpriA mutant strain, resulting in a decline to only 2 log CFU/mL after 3 h of phage 

addition, and promoted earlier regrowth of ΔpriA resistant bacteria, reaching 6.2 log 
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CFU/mL at 24 h of incubating process (Fig. 3.4a). However, when combined with 

myricetin treatment, the phage at a high MOI promoted the lysis of the ΔpriA mutant 

strain and delayed the regrowth of ΔpriA resistant bacteria within 48 h of incubation. 

3.3.4. Impacts of chloramphenicol and phage on the control of viability and 

regrowth of E. coli ΔdnaK mutant strain 

To explore the effects of chloramphenicol on phage vulnerability of ΔdnaK mutant 

strain, the strain was added with phage S127BCL3 and 5 µmol/L chloramphenicol 

together after 6 h incubating process. The MOIs were set to be high and low with the 

phage S127BCL3 final concentration of 109 PFU/mL (MOI=10) and 106 PFU/mL 

(MOI=0.01), respectively. A notable disparity was observed between the high and low 

MOI (Multiplicity of Infection) groups. When the MOI was high, the viable count in 

the chloramphenicol treatment group was 1 log lower than in the group without 

chloramphenicol after 3 and 6 h of phage addition (Fig. 3.5a). Conversely, in the low 

MOI, the viable count in the chloramphenicol treatment group was 1 log higher than 

those of the cells without chloramphenicol after 6 h of phage addition (Fig. 3.5b). 

Whether the MOI was high or low, the viable count in the chloramphenicol treatment 

group with phage was 1 log higher than those of the cells treated with phage alone after 

48 h of incubating process (Fig. 3.4). Treatment with a high MOI of phage reduced the 

lysis of the ΔdnaK mutant strain, resulting in a decline to only 2.2 log CFU/mL after 3 

h of phage addition, and promoted earlier regrowth of ΔdnaK resistant bacteria, 

reaching 3.2 log CFU/mL after 6 h of phage addition (Fig. 3.5a). However, when 

combined with chloramphenicol treatment, the phage at a high MOI promoted the lysis 

of the ΔdnaK mutant strain and delayed the regrowth of ΔdnaK resistant bacteria within 

the first 24 h of incubating process. Therefore, the MOI was set to be high (more than 

1) in subsequent experiments. 

3.3.5. Impacts of chloramphenicol and phage on the control of viability and 

regrowth of non-pathogenic E. coli BW25113 pretreated with myricetin 
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To explore the combined effects of myricetin and chloramphenicol on the phage 

vulnerability of E. coli BW25113 (parental strain, wild-type), The strain underwent 

pretreatment with 500 µmol/L myricetin for 6 h. and then added with 5 µmol/L 

chloramphenicol and phage S127BCL3 (MOI=1) after the pretreatment. As shown in 

Fig. 3.6a, the viable counts of the cells cultured with 500 µmol/L myricetin for 48 h 

showed no significant difference compared to those of the group treated with phage 

alone. From 3 h after phage inoculation until 24 h, the viable count of E. coli exposed 

to chloramphenicol and phage was approximately 3.2 log CFU/mL without myricetin 

pretreatment and 2.3 log CFU/mL with myricetin pretreatment. The viable counts of 

those cells treated with myricetin, chloramphenicol, and phage for 12 and 24 h were 1 

log lower (after 6 h from phage introduction) compared to cells treated with phage and 

chloramphenicol only. However, the counts of cells treated with phage and 

chloramphenicol were also lower than those with or without myricetin pretreatment 

after 24 h of incubating process. Although the combined effects of chloramphenicol 

and phage, with or without myricetin pretreatment, significantly slowed the regrowth 

of resistant bacterial populations, treatment with chloramphenicol reduced cell lysis, 

resulting in a viable count of 3.3 log CFU/mL after 3 h of phage addition.  

3.3.6. Impacts of chloramphenicol and phage on the control of viability and 

regrowth of pathogenic E. coli O157:H7 pretreated with myricetin 

To explore the combined impacts of myricetin and chloramphenicol on the phage 

vulnerability of pathogenic E. coli O157:H7, the strain was pretreated with 500 µmol/L 

myricetin for 6 h and then added with 5 µmol/L chloramphenicol and phage S127BCL3 

(MOI=1) after the pretreatment. The results (Fig. 3.6b) indicated that treatment with 

chloramphenicol reduced cell lysis, resulting in a viable count of 7.1 log CFU/mL, 

whereas cells pretreated with myricetin declined to 2 log CFU/mL after 3 h of phage 

addition. Additionally, the phage S127BCL3 alone was not effective in reducing the 

pathogenic cells when the phage was introduced to the suspensions after 6 h of growth. 

However, the viable counts of cells treated with substances and phage for 12 h were 3 
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logs lower (after 6 h from phage introduction) compared to cells treated with phage 

alone. After 24 h of incubating process, the viable cell counts of regrowth in the 

resistant cell groups treated with substances and phage were comparable to those of 

cells treated with phage alone. Furthermore, after 48 h of incubating process, the viable 

cell counts of phage-resistant cells in the myricetin pretreated group were 1 log higher 

than those of cells treated with chloramphenicol and phage but lower than those of cells 

in the phage alone group. Although the combined effects of myricetin and phage, with 

or without chloramphenicol, significantly promoted cell lysis, resulting in a viable 

count of 2 log CFU/mL after 3 h of phage addition, the regrowth of resistant cells was 

higher with myricetin treatment compared to cells treated with chloramphenicol after 

48 h of incubating process. Overall, the combined effects of chloramphenicol and phage, 

along with myricetin pretreatment, significantly increased cell lysis and slowed the 

regrowth of phage-resistant pathogenic E. coli O157:H7 populations.  

3.4. Discussion 

Bacteria have developed multiple mechanisms to resist phage infections, which 

can be categorized into extracellular and intracellular resistance mechanisms. Phage 

resistance in bacteria can indeed manifest in both external and internal forms, 

depending on the mechanisms employed by the bacteria to counteract different phages. 

In this study, the findings revealed that resistant bacteria could be reinfected by the 

same phage when combined with PriA inhibitor, chloramphenicol (Fig. 3.2). This 

indicates that the resistance mechanisms of the E. coli O157:H7 populations against 

phage S157 BCL3 are intracellular, as the phage S127BLC3 can still recognize the 

same receptor in the bacteria, even after they have mutated to resistant forms. The host 

range of viruses varies significantly, with both specialists and generalists being 

commonly found in diverse environments. Specialists have a limited host range, 

infecting only one or a small group of similar hosts, whereas generalists have a wider 

host range, capable of infecting multiple, distinct types of hosts (Doron et al., 2016). 

Phage S127BCL3, isolated from chicken liver infected with E. coli O157:H7, exhibited 
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high nucleotide sequence similarity in five out of ten genes encoding tail fiber proteins 

to E. coli phage vB_EcoM-ECP26. This phage, also isolated from E. coli O157:H7 and 

belonging to the Myoviridae family, is known for its broad host spectrum (Park et al., 

2020). Consequently, phage S127BCL3 demonstrated a wide host range, infecting not 

only pathogenic E. coli O157:H7 but also the non-pathogenic E. coli BW25113, 

classifying it as a generalist phage. The findings align with other research indicating 

that phage resistance is mainly extracellular when dealing with specialist phages, but 

shifts to intracellular resistance against generalist phages (Zborowsky and Lindell, 

2019).  

Chloramphenicol, a well-known hydrophobic bacteriostatic antibiotic, can inhibit 

protein synthesis in bacteria as mentioned in Chapter 2. In this study, phage-resistant E. 

coli O157:H7 strains were again sensitive to chloramphenicol even at low 

concentrations without phage infection (Fig. 3.2). Another study reported that 

Chloramphenicol suppresses the evolution of phage resistance by reducing mutations 

on the bacterial cell surface (Parab et al., 2023). This research found that phage ΦX174 

caused modifications in the lipopolysaccharides (LPS) of the Escherichia coli C 

wildtype strain, leading to phage resistance characterized by "rough" or "deep-rough" 

LPS phenotypes. Subinhibitory concentrations of chloramphenicol inhibit the growth 

of deep rough mutants, whereas gentamicin, a hydrophilic antibiotic that also targets 

protein synthesis, does not show the same inhibition. The combination treatment of 

ΦX174 and chloramphenicol in E. coli C reduces the evolution of phage resistance by 

eliminating deep rough mutants. The report suggests a high likelihood that some of the 

phage-resistant mutants in this study were deep rough LPS mutants and were 

susceptible to chloramphenicol, given that not all the resistant strains' mutations were 

examined in this study. However, using chloramphenicol alone could not eliminate all 

the resistant mutants. Combining it with the same phage resulted in greater suppression 

of the regrowth of the resistant bacteria. 
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The transfer of genetic material between organisms, known as horizontal gene 

transfer (HGT), involves the movement of genes within populations in ways other than 

traditional reproduction. It is a significant mechanism for bacterial evolution, 

adaptation, and the spread of resistance (Krüger and Stingl, 2011). PriA, a helicase, 

plays a crucial role in various forms of HGT, particularly in the DNA uptake and 

integration processes. In natural transformation, bacteria take up naked DNA from their 

environment. PriA is involved in pulling single-stranded DNA (ssDNA) into the 

cytoplasm during DNA uptake (Fischer et al., 2020). The helicase activity of PriA helps 

in unwinding and processing the incoming DNA strand, making it available for 

recombination and integration into the bacterial genome (Kline and Seifert, 2005). Once 

the DNA is inside the cell, PriA's role extends to facilitating homologous recombination, 

a crucial step for integrating the foreign DNA into the host chromosome. This is 

essential for the maintenance of genetic integrity and the functional expression of 

acquired genes. While PriA's role is more directly documented in natural transformation, 

its general involvement in DNA repair and replication restart suggests it might also 

assist in processes related to conjugation (Golz and Stingl, 2021). During conjugation, 

the transfer of plasmid DNA requires the stabilization of the replication fork, a process 

in which PriA is heavily involved. By restarting stalled replication forks, PriA ensures 

that the transferred DNA is properly replicated and maintained in the recipient cell. 

PriA’s role in transduction is less direct but can be inferred through its involvement in 

DNA repair and homologous recombination. Following transduction, the introduced 

DNA can cause replication fork stalling or DNA damage. PriA is critical in recognizing 

and repairing these issues, thus facilitating the successful incorporation and 

maintenance of transduced genes within the host genome. PriA's versatile role in 

various forms of horizontal gene transfer underscores its essential function in DNA 

uptake, integration, and repair mechanisms.  

DnaK plays a multifaceted role in both bacteriophage lambda replication and DNA 

repeat rearrangements in E. coli (Liberek et al., 1988). During phage infection, DnaK 
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is essential for initiating replication by modifying the interaction between the phage P 

protein and the DnaB helicase. In the broader context of the bacterial genome, DnaK 

facilitates the repair of replication forks through a template-switching mechanism that 

can lead to deletions or expansions of DNA repeats. This highlights the central 

importance of DnaK in maintaining the integrity of DNA replication processes under 

various conditions. The relationship between DnaK and PriA in the context of DNA 

replication fork repair is examined in another study (Goldfless et al., 2006). The study 

suggests that the replication fork repair mechanism mediated by DnaK can function 

independently of PriA. Mutants of DnaK show defects in surviving by replication fork 

inhibition, but this defect does not seem to require PriA for fork restart. This indicates 

that the replication fork repair pathway involving DnaK does not necessarily depend on 

the PriA-dependent fork reassembly mechanism. The study highlights that the fork 

remains largely intact during the DnaK-dependent repair process, which implies that 

DnaK can facilitate repair without the need for PriA or PriC restart proteins. This is 

significant because PriA is typically required to reassemble the fork helicase and DNA 

polymerase III replication complex after repair. Genetic experiments show that deletion 

of chromosomal repeats is not dependent on PriA. For example, deletion of repeats was 

not affected by mutations in PriA or PriC, suggesting that these proteins are not required 

for the DnaK-mediated repair pathway. In fact, the study found that a priA recA double 

mutant exhibited a hyperdeletionogenic phenotype, indicating increased genetic 

instability, which contrasts with the stability provided by DnaK. The researchers 

propose a crossfork template-switching mechanism for replication fork repair, where 

DnaK may help to remodel the replication machinery and facilitate the unwinding and 

realignment of nascent DNA strands. This process can occur without dismantling the 

fork helicase, bypassing the need for PriA. Overall, the relationship between DnaK and 

PriA in replication fork repair is characterized by DnaK's ability to mediate a repair 

process that does not rely on PriA-dependent fork reassembly. This indicates that DnaK 

plays a crucial role in an alternative repair pathway, enhancing the flexibility and 

robustness of the cellular response to replication stress.  
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In Chapter 3, to compare with the myricetin group that required a 6-hour 

pretreatment, all the cells in the other experimental groups were allowed to grow for 

the first 6 h before being treated with phage. This method differed from that used in 

Chapter 2, where the cells were treated with phage from the beginning. Since the 

bacteria were in the exponential phase, cell lysis by the phage alone was not as efficient 

as it was during the stationary phase. When phage treatment was combined with 

chloramphenicol in E. coli O157:H7, the speed of cell lysis was slowed by the antibiotic 

during the first 3 h (Fig. 3.6a). According to a study, bacteriostatic antibiotics inhibit 

bacterial cell growth without causing cell death, significantly reduce bacterial 

exponential growth rates and promote the acquisition of CRISPR-Cas immunity by 

slowing down the replication of phages. This delay allows more time for bacteria to 

acquire spacers from phages, enhancing their immune response (Dimitriu et al., 2022). 

Short-term infection experiments show higher rates of CRISPR immunity acquisition 

in the existence of bacteriostatic antibiotics, while bactericidal antibiotics have no such 

effect. Bacteriostatic antibiotics delay the production of mature phage particles, thereby 

extending the opportunity for CRISPR-Cas systems to acquire spacers. 

Chloramphenicol promotes CRISPR immunity across a broad range of concentrations, 

suggesting that even low doses can be effective in this regard.  

However, pretreatment with myricetin initially led to higher cell lysis by phage 

within the first 3 h. To significantly reduce phage resistance, A pre-incubation period 

exceeding 6 h was necessary (Fig. 3.3). The value of the logarithm of the apparent 

permeability coefficient (LogP app), which indicates hydrophobicity, is high at 1.23 for 

myricetin, suggesting that these polyphenols exhibit high hydrophobicity (Gonzales et 

al., 2015). Consequently, the uptake rate of these polyphenols into bacteria is presumed 

to be very slow, which may explain why myricetin required over 6 h of incubating 

process to be effective in E. coli cells. Myricetin was chosen due to reports indicating 

its ability to inhibit the cellular function of DnaK (Chang et al., 2011). Flavonoids 

represent the predominant bioactive compounds found in plant. Researchers are 
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increasingly investigating plant-derived compounds due to the beneficial properties of 

phytochemicals like flavonoids, have been shown to disrupt both gram-positive and 

gram-negative bacteria, targeting essential molecular mechanisms crucial for microbial 

survival.  

3.5. Summary 

In summary, the synergistic effects of PriA inhibition and targeting other 

resistance mechanisms linked to DnaK result in enhanced suppression of regrowth in 

phage-resistant populations. These findings suggest that employing a combination of 

phages, flavonoids such as myricetin, and low doses of hydrophobic antibiotics such as 

chloramphenicol could provide valuable insights for developing effective strategies to 

control pathogenic E. coli O157:H7.  
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Fig. 3.2. Effects of PriA inhibitor on phage vulnerability of phage-resistant E. coli 

O157:H7 cells. The cells were incubated in LB broth containing 1 mmol/L CaCl2, 

either in the lack (○, ●) or existence (△, ▲) of 5 µmol/L chloramphenicol. Phage 

S127BCL3 (MOI=10) was introduced to the culture (●, ▲) after 6 h of incubating 

process. The viable counts, shown as mean ± S.D. from three separate experiments, are 

depicted in the graph. The arrow indicates the timing of phage addition. 
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Fig. 3.3. Impact of myricetin treatment duration on the phage vulnerability of E. 

coli BW 25113 cells. The cells were incubated in LB broth containing 1 mmol/L CaCl2, 

either in the lack (○, ●) or existence (△, ▲) of 500 µmol/L myricetin. Phage 

S127BCL3 (MOI=1) was introduced to the culture  (●, ▲)after 0, 3, 6, 9, and 12 h 

of incubating process. The arrow indicates the timing of phage addition. 
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(a) MOI=10  

 

(b) MOI=0.001  

 

Fig. 3.4. Combined effect of myricetin and phage on the control of viability and 

regrowth of E. coli ΔpriA mutant strain. The cells were incubated in LB broth 

containing 1 mmol/L CaCl2, either in the lack (○, ●) or existence (△, ▲) of 500 

µmol/L myricetin. Phage S127BCL3 (MOI=10 or 0.001) was introduced to the culture 

(●, ▲) after 6 h of incubating process. Viable counts, represented as mean ± S.D. 

from three separate experiments, are shown. The arrow indicates the timing of phage 

addition. 
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(a) MOI=10  

 

(b) MOI=0.01 

 

Fig. 3.5. Combined effect of chloramphenicol and phage on the control of viability 

and regrowth of E. coli ΔdnaK mutant strain. The cells were incubated in LB broth 

containing 1 mmol/L CaCl2. After 6 h of incubating process, 5 µmol/L chloramphenicol 

was added to the culture (△, ▲). Phage S127BCL3 (MOI=1 or 0.001) was then 

introduced to the culture either with (▲) or without (●) chloramphenicol. Viable 

counts, represented as mean ± S.D. from three separate experiments, are shown. The 

arrow indicates the timing of phage and chloramphenicol addition together.  
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(a) BW25113 

 

(b) O157:H7 

 

Fig. 3.6. Combined effect of chloramphenicol and phage on the control of viability 

and regrowth of E. coli BW25113 (a) and O157:H7 (b) pretreated with myricetin.  

E. coli was incubated in LB broth containing 1 mmol/L CaCl2, either in the lack (○, 

●, □, ■) or existence (△, ▲, ◇, ◆) of 500 µmol/L myricetin. Phage S127BCL3 

(MOI=1) was introduced to the culture (●, ▲, ■, ◆) after 6 h of incubating process, 

either with or without 500 µmol/L myricetin. Viable counts, represented as mean ± S.D. 

from three separate experiments, are shown. The arrow indicates the timing of phage 

and chloramphenicol (□, ◇, ■, ◆) addition together. 
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Chapter 4. Conclusions 

Despite the growing attention to phage therapy for bacterial control, its application 

faces challenges due to the rise of phage-resistant bacterial populations. Numerous 

countries have approved phage products for food use, highlighting a global consensus 

on their potential to enhance food safety (Moye et al., 2018). However, the emergence 

of phage-resistant bacterial isolates presents a significant technical challenge in 

applying phage biocontrol strategies for food safety enhancement (Hong et al., 2016). 

To counter phage resistance, researchers have developed various innovative strategies, 

each with distinct mechanisms and potential applications. Approaches such as 

deploying phage cocktails, using flavonoids, applying phage-derived enzymes like 

endolysins, genetically modifying phages, and leveraging phage coevolution have 

shown promise in overcoming resistance. Ongoing research aims to refine these 

methods and explore their clinical applications. The choice of strategy depends on the 

specific bacterial target, infection type, and biocontrol environment. This study aims to 

investigate a strategic method to improve the effectiveness of phages against foodborne 

pathogenic E. coli O157:H7. It focuses on understanding the genetic basis of resistance 

within E. coli populations, identifying substances that can inhibit functions of 

resistance-related genes, and examining the combined effects of these substances with 

phages to enhance phage lytic activity against E. coli O157:H7.  

Chapter 2 explores the mechanisms of phage resistance in Escherichia coli, 

emphasizing the role of the primosomal protein A (PriA) and its interaction with 

substances that affect its function. It highlights the importance of understanding these 

mechanisms to develop effective microbial control strategies. Non-pathogenic E. coli 

strains BW25113, along with 3,909 mutants from the Keio collection, were used for 

screening phage resistance. Phage S127BCL3 was isolated from chicken livers and 

tested for lytic activity against E. coli BW25113. Substances that inhibit PriA function, 

such as kanamycin (2 µmol/L and 5 µmol/L) and chloramphenicol (2 µmol/L and 5 

µmol/L), significantly increased phage susceptibility in E. coli BW25113 and O157:H7. 
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For example, the viable cell count of E. coli BW25113 treated with phage S127BCL3 

alone showed a decrease to approximately 105 CFU/mL within 6 h and regrowth to 109 

CFU/mL after 24 h. In contrast, when combined with 5 µmol/L kanamycin, the viable 

cell count decreased to below 102 CFU/mL within 6 h and showed no regrowth for the 

remaining duration of the experiment (48 h). Similarly, the combination of phage and 

5 µmol/L chloramphenicol resulted in a viable cell count of 103 CFU/mL at 6 h, with 

delayed regrowth compared to the phage-only treatment. Notably, in E. coli O157:H7, 

chloramphenicol proved to be more significant than kanamycin in enhancing phage 

susceptibility. The combination of phage and 5 µmol/L chloramphenicol resulted in a 

2-log reduction in bacterial count after 24 h, with delayed regrowth compared to 

kanamycin. Chloramphenicol’s ability to delay the regrowth of phage-resistant cells 

more effectively than kanamycin highlights its crucial role in the combined treatment 

strategy. The transcription level of priA increased significantly by more than 16-fold 

after 16 h of phage treatment, indicating its role in phage resistance mechanisms. The 

results in Chapter 2 elaborate on the significance of PriA in phage resistance and how 

its inhibition by specific substances can enhance phage susceptibility. The combined 

action of phages and substances inhibiting PriA function was found to be an effective 

strategy against pathogenic E. coli O157:H7, providing insights into potential 

biocontrol methods to tackle phage-resistant bacteria. 

Chapter 3 demonstrated the synergistic effects of inhibiting PriA and DnaK 

functions using chloramphenicol and myricetin, respectively, to enhance the 

suppression of phage-resistant E. coli populations. Firstly, chloramphenicol 

significantly increased the phage susceptibility of phage-resistant E. coli O157:H7. At 

5 µmol/L, chloramphenicol pretreatment reduced the viable cell counts by 2 logs after 

6 h compared to untreated controls. The combined effect of chloramphenicol (5 µmol/L) 

and phage S127BCL3 reinfection (MOI=10) resulted in a 4.8 log reduction in viable 

cell counts of phage-resistant E. coli O157:H7 after 3 h and a 5.9 log reduction after 6 

h. Secondly, to explore the effects of myricetin on the phage susceptibility of the E. coli 

ΔpriA mutant strain. 6 h of myricetin pretreatment (500 µmol/L) enhanced the 
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susceptibility of E. coli ΔpriA mutant strains to phage S127BCL3. The viable counts of 

E. coli ΔpriA mutant strains were 1 log lower than untreated controls after 6 h of phage 

addition. At a high multiplicity of infection (MOI=10), the viable cell count of E. coli 

ΔpriA mutant strains in the myricetin-treated group was 2 logs lower after 24 h and 

remained 1 log lower after 48 h compared to the group treated with phage alone. To 

evaluate the effects of chloramphenicol on the phage susceptibility of the E. coli ΔdnaK 

mutant strain. The MOIs were separated to high (MOI=10) and low (MOI=0.01) groups. 

Viable counts in the chloramphenicol (5 µmol/L) treatment group were 1 log lower than 

the non-chloramphenicol group after 3 and 6 h of phage addition while MOI being high. 

In contrast, viable counts in the chloramphenicol treatment group were 1 log higher 

than the non-chloramphenicol group after 6 h of phage addition while the MOI being 

low. The chloramphenicol treatment combined with a high MOI phage promoted lysis 

of the ΔdnaK mutant strain and delayed regrowth during the first 24 h of incubation. 

This demonstrated that chloramphenicol enhances the phage susceptibility of E. coli 

ΔdnaK mutants, particularly under conditions of high MOI, contributing to a significant 

reduction in viable cell counts of E. coli ΔdnaK mutants and delaying the regrowth of 

phage-resistant bacteria. Finally, the combined treatment of myricetin (500 µmol/L) 

and chloramphenicol (5 µmol/L) with phage S127BCL3 on E. coli BW25113 showed 

that the viable counts were significantly lower. The E. coli BW25113 strain was 

pretreated with 500 µmol/L myricetin for 6 h, followed by the addition of 5 µmol/L 

chloramphenicol and phage S127BCL3 (MOI=1). No significant difference was 

observed between the viable counts of phage-only treatment and those with myricetin 

after 48 h. However, from 3 to 24 h post-phage inoculation, viable counts were lower 

in myricetin-pretreated cells (2.3 log CFU/mL) compared to non-pretreated cells (3.2 

log CFU/mL). Myricetin, chloramphenicol, and phage treatment reduced viable counts 

by 1 log more than phage and chloramphenicol alone. Chloramphenicol reduced cell 

lysis, resulting in a viable count of 3.3 log CFU/mL after 3 h. For pathogenic E. coli 

O157:H7, cells treated with myricetin, chloramphenicol, and phage showed viable 

counts 3 logs lower compared to those treated with phage alone after 6 h. Viable cell 
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counts of regrowth in resistant groups treated with substances and phage were similar 

to those treated with phage alone after 24 h. However, they were still lower than those 

in the phage alone group after 48 h. The combined treatment of chloramphenicol and 

phage, along with myricetin pretreatment, significantly promoted cell lysis and slowed 

the regrowth of phage-resistant pathogenic E. coli O157:H7 populations. The study 

demonstrated that the synergistic combination of myricetin, chloramphenicol, and 

phages significantly enhances the control of phage-resistant pathogenic E. coli 

O157:H7. This approach increased initial cell lysis and effectively slowed down the 

regrowth of resistant bacterial populations, suggesting a potent strategy for managing 

bacterial resistance in food safety applications.  

In conclusion, the study demonstrated that targeting PriA with chloramphenicol 

and DnaK with myricetin leads to enhanced suppression of phage-resistant E. coli 

populations. Chloramphenicol’s effect on PriA inhibition reinstates antibiotic 

sensitivity in phage-resistant strains, while myricetin's inhibition of DnaK, a key 

chaperone protein, further weakens bacterial defenses against phages. The synergistic 

inhibition of PriA and DnaK using chloramphenicol and myricetin, respectively, at 

concentrations of 5 µmol/L and 500 µmol/L, provides a powerful method for 

controlling pathogenic E. coli O157:H7 strains by significantly reducing their viability 

and regrowth, highlighting the potential of these inhibitors in improving the efficacy of 

phage therapies. 
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