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Abstract 

Pathogenic bacteria have a plethora of mechanisms to survive within the human body, and the 

effectiveness of antibiotics to treat these infections is rapidly declining due to an increase in 

antimicrobial resistance (AMR) and a lack of new drug discovery. AMR is a significant global 

concern, and these infections are predicted to cause over 10 million deaths per year worldwide 

by 2050 if left unchecked. It is clear that alternative antibacterial strategies are desperately 

needed, and the therapeutic use of bacteriophages is a promising area of research. Phages are 

viruses that target and lyse bacterial cells via adsorption to cells using a cellular receptor, 

injecting their genetic material, and replicating themselves until the cell bursts. Phages use a 

different mechanism than antibiotics to kill bacteria, so many antibiotic resistance mechanisms 

carried by AMR bacteria provide no protection against phage infection. This means phages are 

an effective tool to kill drug-resistant bacteria, and unlike antibiotics, phages exclusively attack 

and lyse specific host bacteria, leaving beneficial bacterial flora unharmed. To explore the 

efficacy of phage as an alternative treatment option I examined the application of phages in 

combination with sub-inhibitory (non-lethal) levels of the antibiotic aztreonam lysine (AzLys) on 

Pseudomonas aeruginosa, a high priority member of the ESKAPE pathogens; a concerning 

group of pathogenic bacteria exhibiting multi-drug resistance and virulence, are responsible for 

the majority of nosocomial infections, and are associated with the highest risk of mortality. 

Activity of phages E79 and phiKZ were increased in the presence of aztreonam lysine, in part 

due to accelerated time to lysis. Sub-inhibitory AzLys negatively affected the function of surface 

virulence factors type 4 pili (T4P) and flagella, and the combined treatment of P. aeruginosa 

biofilms with E79 and non-lethal levels of AzLys was more effective than phage treatment alone. 

To continue investigating phage therapy, I assembled, annotated, and analyzed the complete 
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genomes of two novel phages JC1 and Carl1 that can infect the deadly opportunistic pathogen 

Burkholderia cenocepacia. I further characterized JC1 and showed it possesses an impressive 

host range, uses the inner core of the LPS as its cellular surface receptor, and has a high 

virulence index at 37˚C. I also identified the attP site and location of integration in its bacterial 

host genome when it takes the form of a prophage. Genetic engineering of this phage could result 

in a promising phage therapy candidate for the treatment of B. cenocepacia infections. Continued 

research on the isolation, characterization, and application of phages is necessary so the use of 

phage as a therapy can become an accessible treatment option for chronic and antibiotic resistant 

infections.  
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Pseudomonas  

Isolation and taxonomy 

The genus Pseudomonas (Pseudo meaning false and monas meaning unit) was first 

described in 1894 by Botanist Walter Emil Friedrich August Migula 1 shortly after the “father of 

bacterial taxonomy” Ferdinand Cohn published his bacterial classification system based on the 

shape and general appearance of bacterial cells 2,3. Migula described the cells as having polar 

organs of motility, and inaccurately described the rare formation of spores occurring in some 

species 1,4. Shortly after, he proposed P. pyocyanea (now known as P. aeruginosa) as the type 

species 4,5. The genus Pseudomonas is therefore a part of the early history of bacterial taxonomy 

6.  

Taxonomic classification of bacteria took quite a few years for microbiologists to master, 

as morphological and physiological experiments were not enough to separate phenotypically 

similar bacteria; it was not until the introduction of genomic comparison experiments that 

accurate classification of these species really began 2. By the mid 1900s (and prior to DNA 

hybridization techniques) there were more than 800 species assigned to Pseudomonas. In the 

1970’s Palleroni et al (1973) was able to classify this bacterial group into five rRNA subgroups 

using DNA–DNA hybridisation and rRNA-DNA hybridisation results. The authors kept the 

name Pseudomonas for rRNA group I (Pseudomonas sensu stricto) and suggested that the other 

rRNA groups be assigned to other genera of the same or different families.  

The genus Pseudomonas is a group of metabolically diverse Gram-negative, non-spore 

forming, aerobic, motile bacilli with one or more polar flagella that belong to the 

Gammaproteobacteria class 8,9. Pseudomonas is a very well-studied, complex genus and 

currently houses the most species out of any other Gram-negative genera. In 2015, there were 
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144 validly published species, and in 2020 there were 240 8,10. The complexity is exhibited just 

by the sheer size of this genus, and to this day new genera and species transfers are being 

proposed as more in-depth taxonomic studies are completed 10. 

Pseudomonas aeruginosa  

Pseudomonas aeruginosa (aeruginosa or ‘greenish-blue’ from the latin verdigris 

meaning ‘rusted copper’) is 1–5 µm long and 0.5–1.0 µm wide, and is a facultative anaerobe that 

can grow in the presence of oxygen (aerobic respiration) or nitrate (anaerobic respiration) and 

also has limited anaerobic growth using arginine 9,11. This bacterium cannot grow at 4˚C but is 

able to grow at temperatures up to 42˚C; the optimal growth temperature for this species is 37˚C 

and it can utilize a large array of carbon sources 9. P. aeruginosa is a fluorescent pseudomonad, 

capable of producing fluorescent and phenazine (pyocyanin) pigments (often responsible for the 

greenish-blue colours), and characteristically produces single polar flagellum 9.  

P. aeruginosa has been referred to by a variety of different names over the course of its 

early history, including Pseudomonas polycolor, Bacteria aeruginosa, Bacillus pyocyaneus, 

Pseudomonas pyocyanea, and Pseudomonas aeruginosa 12. In 1951 Haynes defined the species 

more precisely, and standardized its nomenclature to Pseudomonas aeruginosa 13. The neotype 

strain (a strain accepted by international agreement to replace a type strain that is no longer in 

existence) for P. aeruginosa is ATCC 10145 14. P. aeruginosa is an opportunistic pathogen that 

possesses extreme multi-drug resistance (MDR) and is commonly acquired in hospital settings 15. 

However, this species is found ubiquitously in the environment, from soil (especially the 

rhizosphere), water, plants, animals, and humans, to more extreme settings such as soap and jet 

fuel 16–18. P. aeruginosa can also be isolated from areas that commonly come into contact with 

water, including sinks, swimming pools, and medical devices/equipment that work with water 16. 
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Clinical significance  

P. aeruginosa has been of clinical significance since at least the 1850s, where it was 

observed to discolour the dressings of surgical wounds and later described to cause blue-green 

pus in patient wounds 19. However, this was before P. aeruginosa had been taxonomically 

classified, and the first reported case of infection was identified by Carle Gessard in the 1880s, 

under the name Bacillus pyocyaneus, derived from the words Bacillus (rod) pyo (pus) cyaneus 

(blue) 20. In 1894 the bacterium was noted to be widely distributed, and that “epidemics of blue 

pus” were semi-regularly seen in hospitals 21. A review in 1947 collected all published reports of 

P. aeruginosa bacteremia, and noted the species was responsible for 31.9% of bacteremia cases 

in adults 22. Concern for these infections began to rise in the late 1950s and 60s because of its 

increased occurrence in burn patients and the absence of effective antibiotics 12. During the 

Vietnam War, P. aeruginosa was one of the three most common and virulent wound pathogens 

23 and between 1977 and 1984 P. aeruginosa was one of the four most frequently isolated 

pathogens from just over 10,000 multiple trauma patients admitted to the Shock Trauma Center 

Maryland Institute for Emergency Medical Services System 24. 

Today, P. aeruginosa is a member of the ESKAPE pathogens (Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 

aeruginosa and Enterobacter spp.); a concerning group of pathogenic bacteria exhibiting multi-

drug resistance and virulence 25. These pathogens are capable of “escaping” antimicrobial 

biocidal activity, are responsible for the majority of nosocomial infections, and are associated 

with the highest risk of mortality 26,27. In 2017 the World Health Organization (WHO) listed P. 

aeruginosa, along with Acinetobacter baumannii and Enterobacteriaceae, as a critical priority 

antibiotic resistant-bacteria for research and development 28,29. 
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Common infections (and risk factors) associated with P. aeruginosa infections include 

soft tissue (burns, open wounds, post-surgery), urinary tract (urinary catheter use), bacteremia 

(immunocompromised), diabetic foot (diabetes, impaired microvascular circulation), 

respiratory/pneumonia (old age, chronic obstructive pulmonary disease, cystic fibrosis, 

mechanical ventilation), swimmer’s ear (tissue injury, water blockage in ear canal), keratitis 

(extended contact lens wear, contaminated contact lens solution), and hot tub rash (improperly 

cleaned hot tubs) 30. Of particular importance is this pathogen’s ability to cause respiratory 

infections in hospitalized patients; these infections can be hospital- (common) or community- 

(uncommon) acquired and can be acute (typically caused by direct trauma) or chronic (most 

patients usually have an underlying medical condition affecting the immune response) 30.  

Acute P. aeruginosa lung infections are common in the healthcare system; they are 

usually associated with poor patient health, presence of multidrug-resistant strains in hospitals, 

and previous use of broad spectrum antibiotics 30,31. P. aeruginosa can cause a variety of 

nosocomial pneumonias, but ventilator associated pneumonia (VAP) is the most concerning, 

with a mortality rate up to 30% in some institutions 32.  These acute inflammatory infections are 

usually caused by free-living, planktonic cells, and if not eradicated during the acute infection, 

this species can adapt to the lung environment and grow as a biofilm, the characteristic definition 

of a chronic P. aeruginosa infection 30,33.  

Individuals with Cystic Fibrosis (CF) are most commonly affected by chronic 

pseudomonal lung infections and many acquire the lung infection during adolescence and can 

live with the infection for over 20 years 30. Individuals with CF have a recessively inherited 

disease that results in dehydrated and thickened airway surface liquid (ASL) that significantly 

affects the clearance of mucus from the airways 30,34. CF patients are highly susceptible to lung 
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infections caused by a variety of bacteria, but P. aeruginosa is the most prevalent pathogen 

causing infection in adult CF patients and is one of the leading causes of morbidity and mortality 

in the CF community 35,36. 

Transmission of P. aeruginosa infections can occur by a variety of different routes 

including patient-to-patient transmission and contact with contaminated environments, medical 

devices, and reservoirs  37–39. A study done in 2018 found that 41.1% of P. aeruginosa outbreaks 

from 2000-2015 were from contaminated medical devices (eg, bronchoscopes, surgical 

instruments, or nursing equipment), 34.5% were from direct person-to-person transmission (i.e. 

contact through hands of patients, staff, and visitors) and 14.4%  by contaminated water 39. 

Another study examined 164 patients from the CF Centre of Florence and concluded the risk of 

patient-to-patient transmission was low, but found that despite isolation precautions a risk of 

cross-infection still existed in the CF centre and proposed it could be due to interaction with the 

same contaminated environments 38. P. aeruginosa has incredible adaptive abilities, and it has 

been shown to be able to survive on dry inanimate surfaces of hospital environments from 6 h up 

to 16 months 40. 

Environmental significance 

Pseudomonads are an extremely versatile group of bacteria, and though some 

(predominantly P. aeruginosa) can cause infections in humans 41, many species have 

environmental significance. The rhizosphere is notably impacted by Pseudomonas species, a 

study of 150 fluorescent Pseudomonas strains showed 40% stimulated wheat seedling root 

growth, 40% inhibited root growth, and only 20% showed no effect 42. Root colonization by 

these species can have a range of effects. They can cause disease if it is a plant pathogen, or they 

can protect against disease by producing antifungal metabolites (AFMs), they can promote plant 
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growth by producing phytohormones (phytostimulation), increase the availability of nutrients, 

such as nitrogen, phosphate and micronutrients (biofertilization), and a variety of species are 

capable of degrading environmental pollutants, making them significant in the field of 

bioremediation 43,44.   

P. aeruginosa strain PAO1 has been shown to colonize well with wheat roots and protect 

wheat and cucumber from fungal pathogens 45. P. aeruginosa has also been shown to play a role 

in biocontrol for pepper, tomato, cocoyam, and bean plants, protecting them from common plant 

pathogens 46. This species can produce hydrogen cyanide (HCN) 47 which has been shown to 

protect several plants from root disease 48, and it has been shown to produce a large amount of 

indole acetic acid when grown with tryptophan, an important plant growth hormone 49. P. 

aeruginosa has also been isolated from the rice rhizosphere and been shown to promote the 

growth of Basmati rice 50, exhibit plant growth-promoting traits including phosphate and zinc 

solubilization, ammonia production, and organic acid production 51, and has been shown to 

produce extracellular chitinase enzyme, which can degrade fungal cell walls 52. 

A noteworthy characteristic of P. aeruginosa is its ability to produce rhamnose-

containing glycolipid biosurfactants (rhamnolipids). Though rhamnolipids play a role in 

virulence, they also have a variety of industrial applications including the production of high 

purity chemicals and surface coatings, bioremediation additives, biocontrol agents, medical 

agents, and as food additives 53,54. Synthetic surfactants, typically derived from petroleum 

products, are non-biodegradable and widely utilized as detergents, solubilizers or emulsifying 

agents 55. Biosurfactants on the other hand are produced by microbial fermentation and are 

biodegradable; they can therefore be used to replace synthetic surfactants as an environmentally 

friendly option 55. Unfortunately, the industrial applications and commercialization of 
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rhamnolipids is currently limited by the pathogenicity of P. aeruginosa and the relatively low 

level of production, as well its pathogenicity may cause safety and health concerns during large-

scale production and applications 54,55. 

Burkholderia cepacia complex  

Isolation and taxonomy 

William Burkholder discovered Burkholderia cepacia (formerly Pseudomonas cepacia) 

in 1950, where he noted the phytopathogen’s ability to cause sour skin onion rot 56. He described 

the novel pathogen as a rod shaped Gram-negative, strictly aerobic, non-sporulating organism 

with one to three flagella. The novel genus Burkholderia was proposed by Yabuuchi et al (1992) 

and Pseudomonas cepacia was renamed Burkholderia cepacia after molecular and phenotypic 

analysis of the Pseudomonas rRNA homology group II bacteria. Further phenotypic and 

genotypic analysis of B. cepacia led to the identification of 5 phenotypically similar, but 

genotypically distinct species, now known as the Burkholderia cepacia complex (Bcc) 58. The 

authors grouped these 5 species into genomovars I-V, a term that denotes phenotypically similar 

but genotypically distinct groups of strains 59. Today these species are known as B. cepacia 

(genomovar I), B. multivorans (genomovar II), B. cenocepacia (genomovar III), B. stabilis 

(genomovar IV), and B. vietnamiensis (genomovar V) 57,58,60–62.  

The Bcc is a group of Gram-negative, non-spore-forming, aerobic bacilli that belong to 

the β-proteobacteria class and are comprised of multiple chromosomes rich in insertion 

sequences with considerable genetic diversity, exceptional nutritional versatility, and an ability 

to colonize plant and animal tissues 63,64. They are usually catalase- and oxidase-positive, have an 

optimal growth temperature between 30-35˚C, and can use a wide variety of carbon sources, 
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including penicillin, azelaic acid and tryptamine 65,66. To date, there are at least 24 species in the 

Bcc 67,68. Genomovars VI-IX were added a few years after the formation of the Bcc, representing 

species B. dolosa, B. ambifaria, B. anthina, and B. pyrrocinia, respectively 69–71. B. latens, B. 

diffusa, B. arboris, B. seminalis, B. metallica, and B. ubonensis were added to the complex in 

2008 and B. contaminans and B. lata were added in 2009 72,73. From 2013-2015 B. 

pseudomultivorans, B. stagnalis and B. territorii were added, bringing the total to 20 species 74. 

Most recently B. paludis, B. alpina, B. catarinensis, B. puraquae, and B. orbicola  have been 

identified as novel species in the Bcc 67,75–78, however B. alpina was recently reclassified as 

Pararobbsia alpina comb 79. In 2014 there were 16 novel unnamed species in the Bcc (Other 

Bcc A-P) that needed formal naming and description 80, therefore it is likely the Bcc will 

continue to increase in members as time goes by.  

Clinical significance  

B. cepacia emerged as an opportunistic human pathogen in the 1970s where it was 

isolated from the lungs of 54 patients with CF 81. The authors also noted that B. cepacia had been 

found in patients who had never been hospitalized or who rarely used aerosol therapy, raising the 

question of where they got the infection. Isles et al. (1984) described a steadily increasing rate of 

infection with B. cepacia in CF patients, the detrimental health effects associated with them, and 

just how challenging treatment was due to the multi-drug resistant (MDR) nature exhibited by B. 

cepacia.  

In 1993 precautionary measures to separate hospitalized CF patients colonized by B. 

cepacia from non-colonized patients was recommended by Thomassen et al (1986). The results 

of their study showed the new infection control measures had an approximate 80% decrease in 

incidence rate for acquiring new B. cepacia colonization in the CF hospital community and led 
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the authors to suggest these results could be because of patient-to-patient transmission. This topic 

remained controversial for a few years with some suggesting patient-to-patient transmission was 

not commonly occurring 84,85. The involvement of patient to patient transmission became 

generally accepted in the 90’s when LiPuma et al (1990) shared a case study where they 

provided evidence that a patient acquired a B. cepacia infection after attending a summer camp 

with a patient who was colonized with the same B. cepacia strain, and after Govan et al (1993) 

provided multiple cases of patient-to-patient transmission of the same B. cepacia strains within 

and between CF centers and described social contacts before colonization. Both of the authors 

recommended contact between patients colonized with B. cepacia from those not colonized 

should be avoided. Govan et al (1993) further suggested that the guidelines should not be 

restricted to just CF patients in hospitals, as regular close contact is associated with a high risk of 

cross-infection. 

The lack of predictability towards the rapid clinical decline in CF patients 82 is 

particularly concerning. Notably the authors first described the clinical patterns of B. cepacia 

infections as:  

 “(l) chronic asymptomatic carriage of P. cepacia (either alone or in combination with P. 

aeruginosa); (2) progressive deterioration over many months, with recurrent fever, progressive 

weight loss, and repeated hospital admissions; and (3) rapid, usually fatal deterioration in 

previously mildly affected patients. There is great variability in the course of the disease, and 

deterioration did not occur at the same rate in all patients.” 

The third pattern later became known as “cepacia syndrome”, a fatal combination of 

necrotizing pneumonia, rapid respiratory decline, and bacteremia 88,89. Cepacia syndrome fatality 

is very high, with only 9 reported cases of successful treatment 89–96.  



 11 

Today, B. cepacia has expanded to include many species known as the Bcc as discussed 

above. Infections with the Bcc in the CF community remain difficult to accurately identify, and 

treat, and have the ability to spread between patients 97. Though the CF community is impacted 

the most by these opportunistic pathogens, they also cause fatal disease in patients with chronic 

granulomatous disease (CGD), a disease caused by a genetic immunodeficiency and is 

characterized by chronic infections and inflammatory complications 98. Immunocompetent 

individuals are not typically vulnerable to Bcc infection, though there is an increasing number of 

reported cases of Bcc infections for these individuals including but not limited to community-

acquired pneumonia 99, skin infections 100, septic arthritis 101, endocarditis 102–105, infections 

resulting from exposure to contaminated medical solutions 106, frontal sinus infection 107, cepacia 

syndrome 89, systemic infection 108, bacteremia 109–111, sepsis 112, urinary tract infection and 

urosepsis 113,114, pyogenic spondylodiscitis (vertebrae infection) 115,116, and an abdominal abscess 

117. A number of Bcc species have been associated with infections in humans, but the two most 

predominant and problematic species are B. cenocepacia and B. multivorans 97.  

Burkholderia cenocepacia  

B. cenocepacia has been a human health concern since the late 80s 65,87,118 and remains to 

this day one of two most common Bcc species found in the lungs of cystic fibrosis (CF) patients 

119. As mentioned above, individuals with CF are compromised in their ability to clear mucous 

from their lungs (a primary innate defense mechanism in the human airways) 120; the thick mucus 

accumulates and provides favorable conditions for colonization by bacteria 121. In 2020 B. 

cenocepacia was the most common species isolated from the lungs of Canadian CF patients, 

responsible for 50% of the infections 119. The formal naming of B. cepacia genomovar III to the 

binomial name B. cenocepacia took a few more years to achieve than genomovars I, II, IV and V 
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due to the lack of differential biochemical tests and PCR based identification procedures 

available at the time to distinguish genomovar III from B. cepacia (genomovar I) 62,122. The 

prefix ‘ceno-’ means recent or new, and the type strain B. cenocepacia J2315 (LMG 

16656/ CF5610) was responsible for massive spread of infection in CF patients in the late 80s to 

early 90s 65,87,118 and was the first sequenced Bcc genome 61,123. B. cenocepacia is described as a 

motile Gram-negative rod 1.0 to 2.0 µm long and 0.6 to 0.9 µm wide 61. 

B. cenocepacia is an opportunistic multi-drug resistance (MDR) gram-negative bacterium 

that is found ubiquitously in the environment, and in immunocompromised individuals it is 

associated with poorer prognosis, patient-to-patient transmission, and problematic treatment 

(Mahenthiralingam et al. 2005). Prior to July 2000, 80% of CF patients in Canada were infected 

with B. cenocepacia and only 9.3% were infected with B. multivorans 124. However, a recent 

study by Zlosnik et al (2020) reviewed the epidemiology of Burkholderia infections in Canada 

for CF patients from 2000-2017 and observed a marked shift in the most common species from 

B. cenocepacia (30.3%) to B. multivorans (45%). This shift has also been observed in other parts 

of the world 126–128.  

Shorter survival for CF patients has been observed for B. cenocepacia infections 

compared to B. multivorans, which could be a factor in the shift of infection prevalence from B. 

cenocepacia to B. multivorans (Jones et al. 2004; Zlosnik et al. 2015, Zlosnik et al., 2020). 

Additionally, 73% of B. cenocepacia infections before July 2000 were caused by the epidemic 

ET-12 strain (also known as J2315), but in the recent epidemiology study the authors noted that 

infection control practices have been successful in limiting the spread of epidemic strains, which 

is very likely playing another factor in the drop in B. cenocepacia infections, as this species is 

highly transmissible between patients 124,125. Additionally, social contacts during summer camps 
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were very popular among CF patients until 1998 and were a likely cause of Bcc cross-infections 

68,87. Infection control measures to reduce the risk of patient-to-patient spread has resulted in a 

progressive decrease in Bcc prevalence, however despite the success in limiting the spread of 

infections, CF patients have continued to acquire novel Bcc infections at a consistent rate over 

the last 17 years 124,125. A B. cenocepacia strain isolated from soil was indistinguishable from 

clinical isolates 131, and other known CF strains isolated from water 132,133 and raw meat 134 all 

provide evidence that new infections may be from an environmental source and that the 

prevalence of B. multivorans infections could reflect its prevalence in the environment 125. 

Environmental significance 

 The Bcc have exceptional nutritional versatility, they are ubiquitous in nature, and have 

been isolated from water, soil, the rhizosphere, the hospital environment, animals, and humans 

58. Beyond being a problematic opportunistic pathogen, the Bcc have potential uses in 

biotechnological applications 64. Bcc can fix atmospheric nitrogen, can produce the plant 

hormone indoleacetic acid (which aids in root and shoot development), and can produce a wide 

array of antimicrobial agents like cepacin, cepaciamide, cepacidines, altericidins, pyrrolnitrin, 

quinolones, phenazine, siderophores and bacteriocin-like agents that inhibit bacterial and fungal 

phytopathogens, protect against plant diseases, and promote plant growth 65,135. Using the Bcc as 

a biopesticide could replace the use of toxic and highly persistent chemical pesticides 64. Because 

the Bcc can use a variety of carbon sources they are extremely adept at bioremediation as they 

can break down man-made toxins like aromatic pollutants toluene and trichloroethylene, 

chlorinated aromatics found in pesticides and herbicides, and other soil and groundwater 

pollutants 63,64,135,136.  
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Although the beneficial aspects of the Bcc discussed here are promising, concerns have 

been rightfully raised towards the widespread commercial use of these bacteria because the risks 

of infection could increase for the vulnerable population as a result 64. Moreover, since it is 

predicted that the most likely source of novel Bcc infections for CF patients are originating from 

the natural environment 125 introducing Bcc voluntarily into the ecosystem could have 

detrimental effects for the CF community and other vulnerable individuals. Regardless of 

whether the agricultural and industrial applications of Bcc are utilized, prevention measures may 

need to be recommended to limit the acquisition of infections from the environment 68. 

Cystic Fibrosis 

As mentioned above, members of the Bcc and P. aeruginosa, are commonly isolated 

from the lungs of CF patients 119. CF is an autosomal recessive disease caused by mutations in 

the cystic fibrosis transmembrane conductance regulator (CFTR) gene 34. The CFTR protein 

primarily functions as a chloride anion channel; impairment of its function causes a disruption in 

salt and water transport that generates thick, viscous secretions that can affect many different 

areas of the body including the lungs, pancreas, liver, intestine, reproductive tract and salt 

content in sweat gland secretions 34. The disruption of salt and water transport in the lungs leads 

to a build-up of thick, sticky mucus, that is hard to clear, which compromises one of the primary 

innate defense mechanisms against bacterial infection in human airways 120. This thick mucus 

provides an ideal environment for bacteria to adhere to and cause infection 137. Persistent 

bacterial infection, inflammation, impaired mucus clearance, and further increased airway mucus 

viscosity leads to irreversible damage of the lungs, and progressive lung disease remains the 

main cause of CF patient morbidity and mortality 34,119. 



 15 

Bacterial infections need to be prevented or cleared quickly in order to preserve the lung 

function and health of CF patients. In Canada, the total CF population has grown by 31% since 

2001, which coincides with the increasing median age of survival; in 2000 the median age was 

around 35, and in 2020 it has risen to 55 119. While the expected lifespan of individuals with CF 

has continued to steadily increase over the past few decades, largely due to improved therapeutic 

regimens, progressive lung disease is still a prominent issue 68,119. The development of better 

therapeutic alternatives to eliminate MDR bacteria from the lungs of individuals with CF is 

imperative. The preservation of lung function remains a top priority, so that CF patients might 

benefit from new therapies in the future, and hopefully one day cystic fibrosis can become a 

manageable disease 138.  

Bacterial Virulence Mechanisms  

Bacterial characteristics that negatively affect host health/survival or help the bacteria to 

survive and colonize within the host are known as virulence factors 139,140. The Bcc, P. 

aeruginosa, and many other pathogenic bacteria utilize a variety of cellular structures, 

molecules, and regulatory systems to survive and cause disease within their hosts; this next 

section will briefly describe a variety of common virulence factors used by Gram-negative 

bacteria.   

Endotoxins 

The term endotoxin was coined in 1982 by Richard Pfeiffer 141, however not much was 

known beyond the fact that they could mimic deleterious effects of bacteria 142. Bacterial 

endotoxins, or lipopolysaccharides (LPS), make up a significant proportion of the outer 

membrane of most Gram-negative bacteria 143. The LPS is a well-known virulence factor that 
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plays a key role in host-pathogen interaction, allowing for evasion of host defences, persistent 

inflammation, and increased antimicrobial resistance 144. Increased susceptibility to antibiotics 

and decreased in vitro fitness has been illustrated in truncated LPS bacterial mutants, with larger 

truncations resulting in a greater loss of resistance and fitness 145,146. The outer core of the LPS 

offers bacteria resistance to complement-mediated killing, a significant component of the human 

innate immune system 143,147. Endotoxins are also incredible inducers of cytokines and can cause 

a severe over-immune reaction known as a cytokine storm; this “storm” can result in sepsis or 

toxic shock syndrome, and eventually death 142. 

Motility Systems 

Structural features like flagella and pili are virulence factors that facilitate movement, 

adhesion/attachment, biofilm formation and colonization of host tissues 139,140,148. Flagella are 

composed of a motor and base controlled by signal transduction, and can be attracted or repulsed 

by chemical gradients by changing the direction of rotation of the flagella 149. Additionally, the 

flagella elicits a strong host immune response, can export substances associated with virulence, 

and allow for penetration of host barriers and establishment of systemic infections 139,150. Pili are 

hair-like filaments composed of pilin subunits that extend from the cell membrane into the 

external environment 151. Type IV pili can cause twitching or gliding in a variety of species by 

retracting their pili attached to surfaces in a “pulling” type fashion, and disruption of pilus 

assembly or function results in reduced virulence for many Gram-negative bacteria 152. Cable pili 

are another type of pili used for adherence by certain strains of B. cenocepacia and are thought to 

play a role in colonizing the respiratory tract of their host 153. Motility allows organisms to 

survive within their host environment, and mutations that impair motility often reduce or 

attenuate virulence 139.  
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Secreted Toxins and Enzymes 

Secreted products like toxins and enzymes play a key role in tipping the outcome of 

bacterial-host infections to favour the pathogen 139,154.  Toxins are generally enzymes that can 

inhibit or activate host cell physiology by modifying targets in the host via posttranslational 

modifications (PTMs) or noncovalent interactions, and injection of small amounts of purified 

toxin can cause the same fatal symptoms seen with infection 151,154. Toxins can be classified into 

four groups: (i) toxins that bind to host cell plasma membrane receptors and corrupt intracellular 

signalling; (ii) toxins that disrupt the plasma membrane via pore formation or phospholipase 

activity; (iii) AB toxins (two-component protein complexes) that utilize receptor-mediated 

endocytosis to inject toxic enzymatic components into host cells; and (iv) toxins delivered 

directly into host cells by the bacterium using an injection needle apparatus 154. Other enzymes 

that are considered virulence factors typically damage host tissues, some examples of these 

enzymes include hyaluronidases (cleaves proteoglycans in connective tissue), streptokinases and 

staphylokinases (breaks down fibrin clots), lipases (degrades accumulated host oils), 

haemolysins (punch holes in host cells), and nucleases (digests released RNA and DNA) 139,151. 

Other enzymes, like urease, can help bacteria survive intracellularly 155.  

Siderophores 

Siderophores were first discovered in the 1950s 156. Siderophores are high affinity iron 

chelating molecules that deliver iron to bacteria, and are essential virulence factors in many 

Gram-negative pathogens 157. Bacteria that can overproduce siderophores have been described as 

hypervirulent, whereas decreased virulence and fitness during infection and colonization is seen 

with bacteria unable to produce or secrete siderophores 157. Siderophores are unique, abundant, 

and all perform one redundant task, and growing evidence supports the idea that structural 
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diversity with functional redundancy may allow evasion of host immune factors 157. Furthermore, 

iron is required in all life forms, and its chelation by siderophores can affect host cellular 

homeostasis, resulting in siderophores acting like toxins causing cell death, and may even be a 

potential cancer treatment 157. 

Biofilms 

The term ‘biofilm’ was first coined in 1978 by Costerton and collogues 158 and is used to 

define organized communities of microbes embedded in a self-produced extracellular polymeric 

substance (EPS) matrix; this formation allows for the socialisation and shared living of microbial 

cells and often increases resistance to many environmental stresses 139,151,159. Biofilm formation 

is associated with virulence in many bacterial species, and they are seen as an adaptive lifestyle 

allowing bacteria to resist the harshness of many environments. In the clinical setting they pose a 

significant challenge and can be nearly impossible to eradicate 159,160. This is largely due to the 

fact that biofilms have increased resistance to antibiotics, biocides, and the host immune system 

compared to planktonic bacteria, though the mechanism for this phenomenon is not completely 

understood 159,161,162. Furthermore, antibiotics have been shown to induce biofilm formation, 

supporting the idea that biofilm formation is a response to harsh environments, and highlights 

possible complications of these effects in healthcare 163,164. 

Secretion Systems 

Secretion systems play a vital role in exporting other virulence factors from the cytosol of 

the bacteria into the host environment, or directly into host cells 165. Extracellular protein 

secretion in Gram-negative bacteria can be challenging because the proteins must cross two (and, 

sometimes three) phospholipid membranes. To date, there are currently 11 different secretion 

systems, with the type X and XI secretion systems only being described within the last two years, 
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and the Type VII system is only found in Gram-positive bacteria 166–169. Secretion systems play a 

variety of roles in virulence including but not limited to: secreting, injecting, or delivering toxins, 

enzymes, and effector proteins to bacteria, host cells, or the environment, drug efflux, bacterial 

communication, and even bacterial motility 139,165,169. The innate host immune system has also 

been observed to detect and respond to the presence of secretion systems and their secreted 

substrates during infection 165, and is likely a strategy developed by the host to distinguish 

pathogenic organisms from commensals 165,170.  

Quorum Sensing  

 Quorum sensing is a process of cell-to-cell communication using small molecules which 

allows bacteria to share information about their population density, and regulate gene expression 

accordingly 139,171. The process includes the production, detection, and response to autoinducers 

(extracellular signaling molecules), and allows bacteria to synchronize gene expression and act 

together in unison 171,172. Quorum sensing plays a role in many microbial traits associated with 

virulence including cell maintenance, biofilm formation, toxin production,  

horizontal gene transfer, antibiotic production, natural competence, sporulation, and the 

expression of secretion systems (SS) 139,173. Quorum-sensing also interacts with the host, with 

some molecules influencing the immune response and immunoglobulin production, or promoting 

the apoptosis of macrophages and neutrophils 174,175 . Conversely, human airway epithelial cells 

have been shown to target quorum sensing by inactivating quorum-sensing molecules 176. 

Quorum Sensing Inhibitory (QSI) treatments may therefore be a potential option to combat 

pathogenic bacterial infections 177. 
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Two-component Systems 

Two-component systems (TCS) are a widely used signal transduction system that 

respond to changing environments and control a multitude of gene regulatory systems 178. The 

ability of bacterial cells to efficiently adapt to different environments is frequently mediated by 

TCSs, and the relationship between quorum sensing and the response to TCSs is often closely 

linked 139,178. TCSs consist of a sensor histidine kinase (HK) and a response regulator (RR); 

when stimulated, the HK will autophosphorylate and transfer the phosphoryl group to a 

conserved aspartate residue on the RR 139,179. There is a variety of different types of TCSs and 

the role they play in the pathogenicity and virulence of bacteria is not well understood, however 

it has been shown that mutant strains lacking certain TCSs display attenuated virulence and 

activate an immune response in animal models, and some TCSs regulate gene clusters that 

promote cell growth, biofilm formation and virulence in pathogenic bacteria 179. 

Antibiotic Resistance  

Preventing disease with the use of antibiotic-producing microbes can be traced back to 

1550 BC where mouldy bread and medicinal soil are listed amongst other remedies 180. 

Salvarsan, a synthetic arsenic based drug, was introduced for the clinical treatment of syphilis in 

1910 181 and the methods used to identify a drug to treat a specific disease marked the beginning 

of systematic screens for drug discovery 182. The first broad spectrum antimicrobial in clinical 

use was sulfonamide drug Prontosil, and shortly after that the clinical use of beta-lactam drug 

penicillin 182. Less than a decade after the clinical introduction of penicillin, the first bout of 

antibiotic resistance began, however this was combated with the discovery of new beta-lactam 

antibiotics. Today, there are over 30 different classes of antibiotics, but the antibiotic resistance 
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crisis continues to rise due to the overuse and misuse of these medications, and the significant 

decline in new drug discovery to counter resistance 182,183.  

Antimicrobial resistance (AMR) is a significant global concern, and it is predicted that 

AMR bacterial infections could cause over 10 million deaths per year worldwide by 2050 if left 

unchecked, outpacing many other deadly diseases and infections 184. Alternative antibacterial 

strategies are desperately needed. In Canada there were just under 1 million bacterial infections 

in 2018, with a quarter having resistance to first line antimicrobials (antimicrobials known to 

work the best with the least amount of side effects) 185. Of these infections, 14000 people died 

and 40% of these deaths would not have occurred if these infections had been susceptible to first 

line antimicrobials 185. A study done in 2019 looking at 204 countries and territories estimated 

that around 4.95 million deaths associated with bacterial AMR occurred in 2019, with 1.27 

million of these deaths attributed to bacterial AMR 186. The following sections will discuss 

common mechanisms of antibiotic resistance for Gram-negative bacteria.  

Efflux Pumps 

Efflux pumps were first identified in 1980 by McMurry and colleagues where they 

described the energy-dependant efflux of tetracycline 187. Efflux pumps actively remove 

antibiotics from the cell using energy in the form of ATP hydrolysis or proton motive force 188. 

They can also remove a variety of other compounds including heavy metals, organic pollutants, 

plant-produced compounds, quorum sensing signals, bacterial metabolites and neurotransmitters 

188. The role of efflux pumps in antibiotic resistance is likely a secondary role, as efflux pumps 

are ancient, present in all living organisms, and are well conserved among species, suggesting 

they have undergone evolutionary selection long before the use of antibiotics in therapy, and do 

not necessarily need to be acquired by horizontal gene transfer 188,189. In addition to providing 
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resistance against antibacterial compounds, efflux pumps have been shown to play a role in 

bacterial virulence. For example, knock-out mutants have been shown to have impaired 

invasiveness and virulence in epithelial cells and mice, respectively, and overexpression of an 

efflux pump was shown to accumulate lower quantities a quorum sensing signal, and 

consequently displayed reduced virulence 190,191. Together with the role they play in regulating 

quorum-sensing, inhibition of efflux pumps may increase antibiotic susceptibility and reduce 

virulence in bacterial pathogens 188. 

Permeability Barriers 

The fluidity of the cytoplasmic bilipid membrane in bacteria directly impacts 

permeability 192. Gram-negative bacteria are intrinsically resistant to many antibacterial agents 

because of the reduced permeability due to an outer membrane (OM) and thin peptidoglycan 

layer that lies between the two bilipid layers 193. The Gram-negative OM also contains 

lipopolysaccharides (LPS) which are lipid molecules (typically lipid A) covalently bonded to 

polysaccharide units, and contribute to reducing membrane fluidity and increase the permeability 

threshold due to their tightly packed nature 192,194. To deal with the decreased permeability of 

their membrane structure, Gram-negative bacteria also have a variety of proteins known as 

porins, and though they aid in the essential uptake of nutrients, they also restrict the influx of 

many antibiotics 192. Porins have been shown to slow the influx of drugs by a number of 

mechanisms including size limitations 195, hydrophobicity 196 and charge repulsion 196,197. 

Modification of Drug Targets 

Another mechanism of antibiotic resistance occurs through the modification of antibiotic 

targets by genetic mutation or post-translational modification 198. Drug targets can be genetically 

altered by point mutations, homologous recombination, and occasionally deletion of the gene all 
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together, or targets can be enzymatically modified, for example via methylation 199. Many 

antibiotics specifically bind to their targets with high affinity, effectively preventing normal 

function of the target, so any mutation or modification that blocks antibiotic activity but does not 

affect normal function of the target can confer antibiotic resistance to the cell 198.  There are a 

variety of genes identified that can methylate ribosomal subunits, effectively altering or blocking 

the target-binding site, and providing resistance to a variety of antibiotics 198. The charge of the 

LPS can also be modified by the addition of phosphoethanolamine, which results in reducing the 

binding activity of polymyxin antibiotic colistin, and is typically caused by mutations that affect 

the expression of regulators affecting LPS production 198,200. Another closely related mechanism 

of target modification is target protection, in which target protection proteins (TPPs) interact 

with the antibiotic targets and confer resistance through steric hindrance, conformational 

changes, or restoring functionality despite the presence of the bound antibiotic 201. For example, 

genes have been shown to encode pentapeptide repeat proteins (PRPs), which protect 

topoisomerase IV and DNA gyrase proteins from quinolone antibiotics 202–204. 

Drug Inactivation 

In addition to preventing antibiotics from entering the cell, actively removing them, or 

altering their targets, bacteria can destroy or modify antibiotics as another means of resistance 

198. Drug inactivation can be accomplished by a variety of mechanisms including enzymatic 

degradation or cleavage, chemical modification, and sequestration 198,199. Enzymatic inactivation 

of antibiotics not only provides resistance to the bacterial cell, but can help sensitive cells in the 

environment to survive by lowering the environmental antibiotic concentration; a well-known 

example of this is the inactivation of beta-lactam antibiotics by hydrolyzing enzymes known as 

beta lactamases, and has been observed to protect sensitive cells in natural microbial 
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communities 205,206. Chemical modifications (i.e., acetylation, adenylation, glucosylation and 

phosphorylation) provide protection against a variety of antibiotic classes by preventing the 

antibiotic from binding to its target protein via steric hindrance; some of these antibiotics include 

aminoglycosides (i.e., kanamycin, gentamycin, and streptomycin), chloramphenicol, and beta 

lactams. 199,206. Antibiotic sequestration prevents the antibiotic from reaching its target with 

proteins that bind the antibiotic and block their function, these proteins may be similar the target 

molecules, mimicking them, or there may be no obvious similarity to the target 206,207. Some 

bacteria then have mechanisms to remove the antibiotics bound by these sequestering proteins 

206.  

Alternative Therapeutic Options 

 The discovery and approval of new antibiotics has substantially declined over the years, 

and is no longer enough to outpace antibiotic resistance; the potential of a “post-antibiotic era” is 

upon us, and common infections may once again have no cure 208,209. Colistin, a bacterial natural 

product, is considered the last line of defence against a number of Gram-negative pathogens, and 

plasmid-mediated resistance against colistin has already been identified 210–212. Some researchers 

still have hopeful views towards the discovery of new antibiotics to combat the war against 

AMR 182, however many support the opinion that antibiotics alone are no longer sufficient, and 

alternative treatment options are necessary 209,213–215.  

The amount of research dedicated to finding alternative treatment options for AMR 

bacteria is substantial, and there are at least 19 alternatives-to-antibiotics that have been studied 

216. Antibodies are a promising alternative treatment, as they can bind to and inactivate 

pathogens, virulence factors, and toxins 216. Lysins, phage encoded enzymes that can destroy the 
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cell wall of a target bacteria, are a potential replacement for antibiotics because of their direct 

antibacterial action 217. Wildtype and engineered bacteriophage are another promising alternative 

as they can infect and kill bacteria and replicate at the site of infection 216,218,219. Immune 

stimulation in conjunction with antibiotic treatment has also been proposed because successful 

treatment requires an adequate immune response 216. Furthermore, the development of vaccines 

to substantially reduce infections with problematic bacteria and, consequently, the need for 

antibiotics, is a very promising avenue 216,220. The remainder of this chapter will briefly discuss 

two promising alternative treatment options for AMR bacterial infections.  

Phage Therapy 

An alternative treatment option for AMR bacteria is the therapeutic use of 

bacteriophages. Their use as a therapy in North America declined after the discovery of 

antibiotics, but the increase in antimicrobial resistance has renewed phage therapy as a promising 

alternative treatment option 221. Phages are viruses that specifically target and lyse bacterial cells 

via adsorption to cells using a cellular receptor, injecting their genetic material, and replicating 

themselves until the cell bursts 221. Phages exclusively attack and lyse specific host bacteria, 

leaving beneficial bacterial flora unharmed 219. As discussed above, the misuse of antibiotics has 

led to an increase in antibiotic resistance, with the prediction that AMR could be more deadly 

than cancer by 2050 184. Because of this threat, acceptance of phage therapy as a potential 

treatment option is growing, and the first North American phage therapy center, the Center for 

Innovative Phage Applications and Therapeutics (iPATH), opened at the University of California 

San Diego in June 2018.  

In addition to host specificity, phages are advantageous for therapy because they use 

different mechanisms to kill bacteria than antibiotics, meaning they are effective at killing drug-
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resistant bacterial infections 218. Some phages also possess the ability to penetrate and/or break 

down bacterial biofilms, where antibiotics often show decreased effectiveness due to the 

increased antibiotic resistance exhibited by cells within these communities 159,218. While phages 

hold many answers to the issue of AMR infections, selection and characterization of 

bacteriophages for therapy must be done carefully, as some phages can increase bacterial 

virulence through lysogenic conversion and be maintained through cell division as a prophage 

222. Additionally, bacteria can develop resistance to phage infection through numerous 

mechanisms including the mutation of the phage receptor on their cell surface, leaving phages 

unable to adsorb to and kill the bacterial cell 219. The use of phage cocktails, a combination of 

phages that target different cell surface receptors, is a proposed solution to overcome this 

problem 219. Alternatively, phage can display antivirulence activity if mutation of the receptor 

leaves the cell with a significant fitness disadvantage 223. For example, if the phage receptor is 

LPS, pili, flagella, or an efflux pump, then when a bacteria mutates to evade infection by the 

phage it will also be losing a major virulence factor, affecting its ability to survive and cause 

disease in its host.  

Phage-Antibiotic Synergy 

An extension of phage therapy is phage-antibiotic combination therapy. It has been 

shown by a variety of studies that some antibiotics can induce increased phage activity at sub-

inhibitory concentrations, a phenomenon termed “phage–antibiotic synergy” (PAS) 224–229. This 

natural phenomenon was described following the discovery that some phage titers and plaque 

sizes increase in the presence of sub-inhibitory (non-lethal) levels of antibiotics 224. Lytic phage 

activity was shown to increase in the presence of four different classes of antibiotics against 

Burkholderia cenocepacia, even with cells possessing elevated antibiotic resistance, suggesting 
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that PAS could still be used as an alternative treatment option for AMR bacterial infections 225. 

The well-studied bacteriophage T4 has been shown to have increased activity in the presence of 

cefotaxime, and cause increased susceptibility to the antibiotic by the host Escherichia coli 226. 

Additionally, it has been shown that the combined application of phage and antibiotic treatments 

is significantly more effective at eradicating P. aeruginosa biofilms than either treatment alone 

227.  

It has been speculated that phages and antibiotics likely evolved synergistic interactions 

because together they can reduce the chances that bacterial populations will develop resistance to 

either killing agent 230. With many pharmaceutical companies reducing the research and 

development of new antibiotics because of a lack of return on investment 231, combined 

antibiotic and phage treatment may be one way of increasing the efficacy of antibiotics that are 

ineffective on their own.   
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Objectives 

The objectives of this study were to a) determine whether a synergistic effect exists 

between the virulent phage E79 and the antibiotic aztreonam lysine (AzLys) on P. aeruginosa 

strain PA01 in vitro, b) if an effect exists, to study how the increased activity is occurring, c) to 

determine if AzLys has any effects on the function of the polarly expressed structures flagella 

and type 4 pili (T4P), and d) to examine the effects of AzLys on phage phiKZ, which requires a 

functional T4P to infect its host. Trend et al. (2018) showed that phage E79 does not induce 

apoptosis or the production of inflammatory cytokines on airway epithelial cells isolated from 

children with or without CF. They also consider the potential of E79 as a phage therapy agent 

due to its wide host range against P. aeruginosa clinical isolates, stable high-titer stocks, and no 

known presence of bacterial pathogenicity islands. 

Materials and Methods 

Bacteria, Phage, and Growth Conditions  

P. aeruginosa strain PA01 233 was used in all experimental analyses. Bacteriophage E79 

is a lytic phage that belongs to the previous phage family Myoviridae and infects many P. 

aeruginosa strains 234,235. E79 was obtained from the Félix d’Herelle Reference Center for 

Bacterial Viruses (Laval University, Quebec, Canada). PhiKZ is a jumbo lytic phage that also 

belongs to the previous Myoviridae family and infects many P. aeruginosa strains 236 and was 

gifted to us by Joe Bondy-Denomy (University of California, San Francisco, USA). Propagation 

of E79 and phiKZ phage stocks and determination of titer were performed on PA01 using the 

double agar overlay method as previously described 237,238. Phage titers used in each experiment 

are described in the relevant sections. Bacteria were grown aerobically overnight at 37 °C on 

half-strength Lennox (½ LB) solid medium or in ½ LB broth with shaking at 225 rpm. PA01 
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overnight cultures were subcultured 1:100 and grown to an optical density at 600 nm (OD600) of 

0.1 to obtain exponential-phase growth cultures. In all experiments, AzLys was added to media 

in the commercially available soluble form of Cayston (Gilead Inc., Foster City, CA, USA), 

which is an aztreonam derivative that improves respiratory symptoms of CF patients caused by 

chronic P. aeruginosa infections 239. Statistical analysis for all experiments was conducted using 

GraphPad Prism 8 (Graph-Pad Software Inc., San Diego, CA, USA).  

Minimum Inhibitory Concentration (MIC) 

MIC protocol was followed according to Wiegand et al. (2008) using ½ LB broth and the 

antibiotics were prepared either in 0.17% saline (AzLys) or in 100% ethanol (aztreonam) and 

diluted to the desired concentrations in ½ LB broth. The OD600 was measured after 24 h using a 

Victor X3 spectrophotometric plate reader (PerkinElmer, Woodbridge, ON, Canada). The 

experiment was repeated in biological triplicate, with three replicates each.  

Transmission Electron Microscopy (TEM) 

P. aeruginosa PA01 cells were prepared for electron microscopy as follows. A volume of 

100 μL of a 0.2475 mg/mL AzLys stock, or 0.17% NaCl for the control, was mixed with 3 mL of 

0.7% ½ LB top agarose and poured onto a ½ LB agar plate to obtain a final concentration of 1.06 

μg/mL, assuming AzLys fully diffuses. Once solidified, 100 μL of exponential-phase PA01 

culture was spread gently across the top agarose and incubated at 37 °C overnight. Cells were 

collected from control and AzLys plates, standardized by weight, suspended in 1 mL 1 × 

phosphate-buffered saline (PBS), pH 7.2, washed twice with 1 mL of 1 × PBS, resuspended in 

200 μL of EM fixative (2.5% glutaraldehyde, 2% paraformaldehyde, 0.1 M phosphate buffer, pH 

7.2) and incubated at room temperature for 30 min. The fixed cells were pelleted at 8000× g for 1 

min and resuspended in 1 mL of 1 × PBS. For visualization of bacterial samples, 10 μL of 



 31 

sample was incubated on a carbon-coated copper grid for 2 min and stained with 2% 

phosphotungstic acid (PTA) for 10 s. To visualize phage interaction with PA01, E79 was 

propagated as described above, substituting ½ LB agarose for overlays. Bacterial samples were 

mixed in a 1:2 ratio with high-titer 109 PFU/mL E79 stock for 2 min and 10 μL of this mixture 

was loaded on a carbon-coated copper grid as described above. Transmission electron 

micrographs were captured using a Philips/FEI (Morgagni) transmission electron microscope 

with charge-coupled device camera at 80 kV (University of Alberta Department of Biological 

Sciences Advanced Microscopy Facility, Edmonton, AB, Canada). The average length and width 

measurements ± standard deviation for PA01 were calculated using Microsoft Excel from 10 

individual bacteria measured using ImageJ software 241 (NIH, Bethesda, MD, USA).  

Phage–Antibiotic Synergy Modified Double Agar Overlay  

Double agar overlay plaque assays were used to determine the effect of AzLys on plaque 

size 237 with modifications 225. Briefly, 100 μL of exponential-phase PA01 culture was incubated 

with 100 μL of phage stock at 103 PFU/mL for 7 min, mixed with 100 μL of AzLys and 3 mL of 

0.4% ½ LB top agar, and overlaid onto 1.5% agar ½ LB solid media. Plates were incubated at 37 

°C overnight until plaques formed. For controls, 100 μL of modified suspension medium (SM) 

(50 mM Tris-HCl pH 7.5, 100 mM NaCl, 10 mM MgSO4) was added in place of each AzLys 

concentration or phage suspension to account for agar dilution effects. AzLys concentrations 

used were calculated as 1.875, 3.75, 7.5 and 10 μg/mL within the 3 ml layer of top agar. 

Expecting the AzLys to diffuse evenly throughout the 20 mL agar plate, the final experimental 

concentrations are 0.27, 0.53, 1.06 and 1.41 μg/mL, respectively. Phage plaques were backlit and 

viewed under the magnifying glass of a New Brunswick Scientific colony counter (model C110), 

and plaque diameter was measured using digital calipers manufactured by Tresna (Guilin, 
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China). Ten plaques were measured at random per treatment group. Experiments were repeated 

in biological and technical triplicate and average plaque diameter was calculated from the 90 

plaque measurements. Data were compared using an unpaired one-way ANOVA with Dunnett’s 

post-test.  

Phage Plaquing Assays  

Phage plaquing ability was determined as described previously 238, with slight 

modifications. Briefly, 100 µL of overnight culture was mixed with either 200 µL ½ LB or 100 

µL AzLys and 100 µL ½ LB for a desired concentration of 1.06 μg/mL AzLys. This 

concentration was used because it is in the middle of the three concentrations that showed PAS 

activity for E79. A volume of 3 mL of 0.7% ½ LB top agar was added to this and overlaid onto 

½ LB plates and allowed to dry at room temperature for 1 h. Phage stocks were 10-fold serially 

diluted in SM. A volume of 5 µL of each dilution was spotted onto the plates and incubated 

overnight at 37 °C. 

One-Step Phage Growth Curve 

The bacteriophage growth curves were performed as previously described 242 with some 

modifications. Briefly, two 1:100 subcultures were grown in the absence or presence of 1.06 

μg/mL AzLys to an OD600 of 0.1, equal to approximately 2.0 × 108 CFU/mL. This concentration 

of AzLys was used because it is in the middle of the three concentrations that showed PAS 

activity for E79. Phages were added to 10 mL of each exponential-phase culture to obtain a 

multiplicity of infection (MOI) of three and incubated at 37 °C with aeration at 225 rpm. A 

volume of 10 μL was removed in triplicate from each culture at desired time points, and serially 

diluted in 90 μL of chilled 1 × PBS. A volume of 5 μL of each dilution was spotted on ½ LB 

double agar overlays containing PA01 culture to assess phage titer. This process was repeated in 



 33 

triplicate, and the rate of phage adsorption was calculated as the change in PFU/mL over time 

during the latent period. Burst size was calculated using the formula “burst size = P – x/I – x” 

where P is the maximum number of phages after lysis, I is the number of phages initially added 

to the culture, and x is unadsorbed phage. Statistical analysis was performed using a paired t-test. 

Twitching Motility Assay  

P. aeruginosa PA01 twitching motility in the presence of AzLys was assessed as 

previously described 243, with some modification. A single colony was suspended in 100 μL of ½ 

LB broth and stab inoculated with a sterile toothpick through a 3 mm thick ½ LB 1% agar layer 

containing 0, 0.27, 0.53, 1.06, or 1.41 μg/mL of AzLys. Plates were incubated with humidity at 

37 °C for 24 h. Twitching zones beneath the agar were stained using 3 mL of TM developer 

solution (40% water, 10% glacial acetic acid, 50% methanol) for 30 min and measured using 

ImageJ software 241 (NIH, Bethesda, MD, USA). Experiments were repeated in biological and 

technical triplicate and average twitching diameter was calculated from the nine twitching zones. 

Statistical analyses were performed using an unpaired one-way ANOVA and Dunnett’s post-test. 

Swimming Motility Assay  

Swimming motility of PA01 in the presence of AzLys was assessed as previously 

described 244 with some modifications. Briefly, 100 mL/plate ½ LB 0.3% agar containing 0, 0.27, 

0.53, 1.06, or 1.41 μg/mL of AzLys was poured 7 mm thick in 15 mm petri dishes and allowed to 

solidify for 2 h at room temperature. A volume of 2 μL of overnight PA01 liquid culture 

standardized to an OD600 of 1.0 was injected halfway through the agar. The plates were 

incubated for 24 h at 37 °C and swimming zones were measured using ImageJ software 241 (NIH, 

Bethesda, MD, USA). Experiments were repeated in biological and technical triplicate and 
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average swimming diameter was calculated from the nine swimming zones. Statistical analyses 

were performed using an unpaired one-way ANOVA and Dunnett’s post-test.  

PAS Killing Assay 

In a 96-well microtiter plate, 100 μL of exponential-phase PA01 culture at 2 × 108 

CFU/mL was added to 50 μL of phiKZ phage stock for the desired MOI and 50 μL of AzLys or 

½ LB to test PAS effects. For controls, 100 μL of SM was added in place of phage suspension, 

and ½ LB was added in place of AzLys. The plates were incubated for 24 h at 37 °C and 225 

rpm. The OD600 was measured using a Victor X3 spectrophotometric plate reader (PerkinElmer, 

Woodbridge, ON, Canada). Each treatment was repeated in biological triplicate, with three 

replicates each. Statistical analyses were performed using unpaired t-tests. 

PA01 Biofilm Formation and PAS Treatment  

Biofilms were formed on polystyrene pegs of the MBEC™ biofilm inoculator with a 96-

well base (Innovotech Inc., Edmonton, AB, Canada) following established protocols (MBEC™ 

Assay Procedural Manual, Version 1.1., 2015), with some modifications. P. aeruginosa PA01 

overnight cultures were grown at 37 °C in ½ LB broth for 18 h, standardized, then diluted 1:100 

in tryptic soy broth (TSB) to obtain a starting inoculum of approximately 107 CFU/mL. The 60 

central wells of the microtiter plate were filled with 200 μL of starting inoculum and the outside 

wells were filled with 200 μL of TSB broth as aseptic controls and to prevent edge effects due to 

evaporation. The plates were covered with 96-peg polystyrene lids and incubated for 24 h at 37 

°C and 120 rpm with humidity. The developed PA01 biofilms were washed in 200 μL of 0.9% 

saline for 5 min to remove non-adherent cells and the lid was transferred to a treatment plate 

containing 0, 1.41, 1.6, 1.8, or 2.0 μg/mL of AzLys with and without 104 PFU E79 in 200 μL 

volume total. The biofilms were incubated for 4 h at 37 °C and 120 rpm with humidity followed 
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by washing in 200 μL of 0.9% saline for 5 min. To quantify the biofilm biomass, the lid was 

transferred to a 96-well plate containing 200 μL of 0.9% saline and biofilms were dislodged from 

the pegs using a water bath sonicator (Branson Ultrasonic Cleaner Model B-32) for 30 min. The 

OD600 was measured using a Victor X3 spectrophotometric plate reader (PerkinElmer, 

Woodbridge, ON, Canada). Each treatment was repeated in biological triplicate, with six 

replicates each. 

Scanning Electron Microscopy (SEM) of Biofilms 

To visualize the morphology of P. aeruginosa PA01 biofilms, MBEC™ pegs carrying 

biofilms grown for 24 h and treated with 0 or 1.6 μg/mL of AzLys for 4 h were broken off the lid 

using sterile flat nose pliers and prepared as follows. Biofilm pegs were suspended in EM 

fixative overnight at room temperature, then washed three times in 1 × PBS for 10 min each. The 

fixed samples were dehydrated using a series of ethanol washes for 10 min each (50, 70, 90, 100, 

100%) followed by ethanol:hexamethyldisilazane (HMDS) washes (75:25, 50:50, 25:75) for 10 

min each. Finally, the biofilms were washed with 100% HMDS for 20 min, and then left in 

HMDS overnight with the lid slightly ajar to air dry. HMDS was used in place of critical point 

drying 245. Once dried, the samples were mounted onto SEM stubs, sputter coated with gold and 

viewed in a Zeiss Sigma Field Emission SEM (University of Alberta Department of Earth and 

Atmospheric Sciences Scanning Electron Microscope Laboratory, Edmonton, AB, Canada).  

Results and Discussion  

Effects of Sub-Inhibitory AzLys on PA01 Morphology 

AzLys belongs to the monobactam class of antibiotics that inhibit cell wall biosynthesis, 

and many antibiotics that disrupt cell division have been observed to cause morphological 

changes at sub-inhibitory concentrations 224,225,246–248. To investigate whether AzLys changes the 
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morphology of P. aeruginosa PA01, we observed PA01 grown in the presence or absence of a 

sub-inhibitory concentration of AzLys using transmission electron microscopy (TEM). The MIC 

of AzLys for the PA01 strain tested is 8 μg/mL and the sub-inhibitory concentration is <2 μg/mL 

(Figure 2-1). To show that P. aeruginosa strain PA01 is not unusual in its resistance profile to 

AzLys, its MIC was compared to other P. aeruginosa strains (Figure 2-1; Table 2-1). The sub-

inhibitory concentration is defined as the point where no bacteria are killed by the antibiotic 

concentration present. In the presence of AzLys, the morphology of PA01 is filamentous, a 

dramatic change from its wild-type single-cell rod structure (Figure 2-3A and B). These bacteria 

appear unable to form a septum between cells to complete cell division, forming significantly 

larger cells in both diameter and length under the stress of AzLys. Under normal growth 

conditions, single PA01 cells are on average 1.15 ± 0.18 μm in length and 0.51 ± 0.05 μm in 

width. These dimensions increase significantly in the presence of AzLys, with single PA01 cells 

(i.e., cells that have not undergone filamentation) measuring 1.8 ± 0.18 μm in length (p < 0.0001) 

by 0.55 ± 0.03 μm in width (p < 0.05). This morphological change could aid phage activity by a 

number of potential mechanisms. It has been suggested that an aberrant filamentous cell structure 

may cause increased bacterial membrane sensitivity to phage lysis proteins, such as lysozymes 

and holins, as well as allow for an increased rate of phage production 224. This increased rate of 

phage production is correlated with cell size and is proportional to the amount of protein-

synthesizing machinery within a cell at the time of infection, leading to increased phage burst 

sizes 249. An increased burst size would allow low numbers of initial phages to self-propagate 

faster than normal under the same conditions. Additionally, it was observed that phage 

adsorption is directly proportional to cellular surface area 249; therefore, increased cell surface 
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area upon AzLys-induced filamentation may result in an increased rate of phage adsorption and 

allow phages to infect and spread through a bacterial population more quickly. 

Figure 2-1: MIC of aztreonam lysine (AzLys) on different P. aeruginosa strains. Each strain 
was grown to exponential phase and diluted 1:100 to approximately 105 CFU/mL and grown for 
24 h at 37 °C in the presence of AzLys at varying concentrations. Optical density at 600 nm 
(OD600) was measured to obtain culture growth. Error bars represent standard error of the mean 
(SEM). 

 
Figure 2-2: MIC of aztreonam lysine (AzLys) versus aztreonam on P. aeruginosa PA01. 
Exponential phase PA01 was diluted 1:100 to approximately 105 CFU/mL and grown for 24 h at 
37 °C in the presence of either AzLys or Aztreonam antibiotic at varying concentrations. Optical 
density at 600 nm (OD600) was measured to obtain culture growth. Statistical analysis was 
performed using an unpaired t-test (**; p < 0.01). Error bars represent standard error of the mean 
(SEM). 
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Table 2-1: Aztreonam Lysine minimal inhibitory concentrations for P. aeruginosa strains. 
 P. aeruginosa strain 

 PA01 PA103 PA14 HER1006 PAK 14715 

MIC (µg/mL) 8 16 16 <1 32 4 

 

 

Figure 2-3: Effects of sub-inhibitory aztreonam lysine (AzLys) on P. aeruginosa PA01 
morphology and phage E79 recognition. Electron micrographs showing PA01 grown under 
normal conditions (A) without or (C) with E79, and PA01 grown in the presence of 1.06 μg/mL 
AzLys (B) without or (D) with E79. Bacteria and phages were stained with 2% PTA and 
visualized by transmission electron microscopy at 4,400-fold (A and B) and 28,000-fold (C and 
D) magnification. Images are representative of at least 10 different bacterial cells per sample. 
 

The lytic phage E79 uses LPS as a receptor to bind to its bacterial host for infection 250 

and any increase in cell membrane will likely result in an increase in LPS, as it is a major 
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component of the outer membrane of Gram-negative bacteria. To observe whether there may be 

an increased association of E79 with filamentous cell surfaces, a high-titer E79 stock was 

incubated with PA01 bacterial samples grown in the presence or absence of sub-inhibitory 

concentrations of AzLys and viewed by TEM. An increase in the number of phages congregated 

on the surface of filamentous PA01 bacterial cells grown in the presence of AzLys was observed 

compared to the number of E79 adhered to normal PA01 bacterial cells (Figure 2-3C and D). 

Based on 10 different TEM pictures, there was an average of 2 ± 1 phage per cell under normal 

growth conditions, and 5 ± 2 phage per cell in the presence of AzLys (data not shown). These 

results show that filamentous cells are larger and can attract more phage per cell than normal 

growing PA01 cells. These observations are consistent with reported findings that elongated or 

filamentous cells may provide phages with increased access to their receptors on the cell surface, 

therefore promoting increased phage production and/or accelerated time to lysis 225,249. 

Effects of Different Sub-Inhibitory AzLys Concentrations on E79 Activity 

To determine whether the presence of sub-inhibitory concentrations of AzLys could 

increase the activity of E79 on P. aeruginosa PA01, plaque sizes were compared in a double agar 

overlay assay in the presence or absence of sub-inhibitory AzLys concentrations (Figure 2-4A, 

and C). Because plaque size is largely determined by burst size and time to cell lysis 224, 

increased plaque size is representative of increased phage lytic activity. Our results show a 

significant increase in the average plaque diameter of E79, producing plaques 1.7-fold larger in 

the presence of 1.41 μg/mL and 1.6-fold larger for 1.06 μg/mL AzLys as compared to the control 

(p < 0.0001). No significant increase in plaque size was observed for the two lower AzLys 

concentration of 0.27 and 0.53 μg/mL. Previous studies show that antibiotics affect bacterial 

morphology and/or growth rate, allowing the lytic activity of phages to increase 224,225,246–249. Our 
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results therefore suggest that there is a minimum concentration of antibiotic necessary to cause a 

physiological change in the bacterium and induce increased phage activity. Phage production 

was affected minimally, with a small decrease in titer observed at 0.53 (p < 0.01), 1.06 and1.41 

μg/mL (p < 0.001) of AzLys (Figure 2-4B). 
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Figure 2-4: E79 and aztreonam lysine (AzLys) exhibit phage–antibiotic synergy (PAS) on P. 
aeruginosa PA01. (A) Box plot of plaque diameter, and (B), bar chart of average phage titer, of 
phage E79 in the presence of different concentrations of sub-inhibitory AzLys determined by a 
modified double agar overlay assay. Results are from three separate trials, with error bars 
representing the (A) largest and smallest plaque diameter and (B) standard deviation. Statistical 
analysis was performed using a one-way ANOVA with Dunnett’s post-test compared to the 
control (**, p < 0.01; ****, p < 0.0001; ns, not significant). (C) Visual representation of E79 
plaque morphology at increasing AzLys concentrations. All images were photographed at 
identical magnifications. Scale bars equal 20 mm. (D) Infection efficiency of E79 in the absence 
(-) or presence (+) of 1.06 μg/mL AzLys. Images are representative of three biological replicates, 
each with three technical replicates. 
 

A plausible explanation for the small reduction in titer is discussed below. These results 

show that AzLys has a concentration-dependent effect on E79 activity; plaque sizes increase in 

diameter as sub-inhibitory AzLys concentrations increase (Figure 2-4A and C). Similar results 
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have been observed in B. cenocepacia, Staphylococcus aureus, and E. coli, which show an 

increase in phage plaque sizes as the sub-inhibitory concentration of various antibiotics is 

increased 225,226,251. However, it has been demonstrated that cell size was not the only 

determinant of plaque size when comparing the effects of different antibiotics at sub-inhibitory 

concentrations 247 . The observed effects of AzLys may be due to more than one mechanism 

indirectly linked to increased cell size as described above. In addition to plaque size and phage 

titer, infection efficiency of E79 on PA01 changes in the presence of AzLys (Figure 2-4D). 

Efficiency of infection is increased by around 10-fold in the presence of 1.06 μg/mL of AzLys, 

the zone of lysis appears to be larger at all dilutions compared to the control, and plaque size is 

increased at the lowest dilution. The results suggest that E79 is able to infect PA01 cells better in 

the presence of AzLys. These results support our hypothesis that a one-way synergistic 

relationship exists between E79 and AzLys; the presence of sub-inhibitory concentrations of 

AzLys induces an increase in E79 activity as observed by the increase in E79 plaque size and 

infection efficiency on PA01. 

Effects of AzLys on E79 Phage Growth Curve 

To determine what aspects of the E79 infection cycle are being affected, we performed a 

one-step phage growth curve for E79 on PA01 in the presence or absence of 1.06 μg/mL AzLys. 

The phage growth curves are similar at certain time points of the infection cycle but differ in a 

number of ways when its host is grown in the presence of sub-inhibitory AzLys (Figure 2-5A 

and B). Firstly, there is a reduction in the latency period from approximately nine to six min 

(Figure 2-5A). This is shown again in Figure 2-5B, where phage growth rate has been calculated 

for each time range and is increasing at time interval 6–9 in the presence of AzLys, while still 

decreasing under normal conditions. Though this is a short time frame, it should be noted that a 
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consistent decline in phage titer is observed every 3 min prior to these measurements (intervals 

0–3 and 3–6) and is still declining in the absence of AzLys (interval 6–9) (Figure 2-5A and B). 

Secondly, the decreased latent period is followed by moderate accelerated time to lysis between 

9 and 45 min, though the rates of growth are not substantially different (Figure 2-5B). Despite 

the initial acceleration, lysis begins to slow, and the remainder of the time points do not differ 

between the two curves. The E79 + AzLys cycle is not completed earlier, and the total phage 

production following a single cycle of phage growth is not different between the two treatments. 

Given how similar many of the time points are between the two curves, the differences between 

the two curves are noteworthy. Using a paired t-test, the two curves compared to each other are 

statistically different from one another (p < 0.05), but there is no statistically significant 

difference in titer seen at individual time points. Lastly, the average rate of phage adsorption 

increases from 5.8 × 105 to 1.2 × 106 PFU mL−1 sec−1 in the presence of AzLys (p = 0.0035), 

supporting our hypothesis that E79 has increased association with the cellular surface in the 

presence of AzLys. 
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Figure 2-5: Aztreonam lysine (AzLys) shortens the latent period of the E79 one-step growth 
curve. Phage E79 was mixed with P. aeruginosa PA01 grown with or without 1.06 μg/mL 
AzLys at a MOI of approximately three. Phage titer was determined periodically over a 2 h 
incubation. (A) The one-step growth curve of E79, with each point representing the average of 
nine samples from three separate trials. Statistical analysis was performed using a paired t-test. 
(B) Growth rate of graph in (A) determined using the averages from each trial and calculated 
using growth rate equation log10N-log10N0 = (μ/2.303) (t-t0). All error bars represent the 
standard error of the mean (SEM). 
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In addition to providing information about phage adsorption and latency period, burst 

size can also be calculated from phage growth curves 251. E79 burst size decreases from 58 to 44 

phage per cell in the presence of AzLys, possibly explaining the slight reduction seen in phage 

titer in Figure 2-4B. A decrease in latency period shortens the amount of time for phage 

maturation, which can result in reduced burst size, but can also increase the phages’ rate of 

exponential growth 252. Though most PAS studies that examine phage production typically see an 

increase in burst size or final phage titer 224–226,246,248,253–256, it is important to note that PAS has 

still been shown to occur in the absence of increased phage production 225,247. This discrepancy in 

phage production highlights that PAS may be generated by many different aspects of the phage 

infection cycle, and as proposed previously 225, it is possible that many different molecular 

mechanisms are responsible for the total PAS effects observed for every different phage and 

antibiotic combination. A study by Kim et al. (2018) reported that increased T4 phage production 

in E. coli with the addition of ciprofloxacin is a result of delayed time to lysis caused by an 

insufficiency of holins in the larger filamented bacteria. In the present study, the observed PAS 

in the presence of AzLys, with unchanging final phage production after one phage infection 

cycle, may be explained by the observed accelerated time to lysis rather than a delayed time to 

lysis. Our growth curve results support the conclusion that the increased PAS lytic activity of 

E79 in the presence of AzLys may be caused by a combination of increased phage adsorption, 

potentially due to cell filamentation, and accelerated time to lysis. 

PAS Treatment of PA01 Biofilms In Vitro 

Recently, a number of papers have been published that examine different aspects of PAS 

on P. aeruginosa biofilms 227,257–265. We were particularly interested to discover whether 

pragmatic PAS with a lytic phage and AzLys was more effective at eradicating PA01 biofilms 
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than phage treatment alone. To test this hypothesis, we used the MBEC™ biofilm inoculator 

with 96-well base plates (Innovotech Inc., Edmonton, AB, Canada) to create identical biofilms 

growing on plastic pegs. Because biofilms are different from planktonic cells on transcriptomic, 

proteomic and physiological levels 266, we first sought to determine whether AzLys affects PA01 

biofilms similarly to the effects observed on planktonic PA01 cells. Consistent with observations 

that biofilms exhibit increased resistance to antibiotics, we were able to increase the maximum 

sub-inhibitory concentration from 1.41 μg/mL to 2 μg/mL AzLys without inhibiting cell growth 

(data not shown). PA01 biofilms grown for 24 h and treated for 4 h in the presence or absence of 

1.6 μg/mL AzLys were imaged using scanning electron microscopy (SEM) (Figure 2-6). Similar 

to planktonic PA01, AzLys causes aberrant division of biofilm cells and results in long 

filamentous structures, suggesting that PAS effects could also be observed with biofilm-grown 

cells. 
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Figure 2-6: Effect of sub-inhibitory aztreonam lysine (AzLys) on P. aeruginosa PA01 biofilm 
morphology. Electron micrographs show PA01 biofilm under (A) normal conditions or (B) in the 
presence of 1.6 μg/mL AzLys. Biofilm pegs were mounted onto stubs, sputter coated with gold, 
and visualized using a Zeiss Sigma Field Emission SEM at 20,000-fold (left panels) and 2000-
fold (right panels) magnification. 
 

To test whether AzLys causes E79 to be more effective at eradicating PA01 biofilms than 

treatment with E79 alone, 60 identical PA01 biofilms were grown for 24 h and treated for 4 h 

with or without varying concentrations of AzLys (1.4; 1.6; 1.8; 2 μg/mL) and E79 (104 

PFU/well). The average PA01 biofilm mass (OD600) plus or minus the standard deviation for the 

10 different treatment groups is shown in Figure 2-7. No statistically significant difference was 

observed between biofilm mass with or without AzLys treatment, confirming that the levels of 

AzLys used are not inhibiting growth. The lowest AzLys concentration used in combination with 

E79 decreased biofilm mass 1.7-fold as compared to E79 alone (p < 0.01), while the highest 

AzLys PAS concentration showed a 3.1-fold decrease as compared to phage treatment alone (p < 



 48 

0.0001). No statistically significant difference between the biofilm mass for the four PAS 

treatment groups was observed. These results show that AzLys increases the biofilm reduction 

activity of E79 phage, with combination of the two treatments resulting in a significant reduction 

in biofilm mass compared to phage treatment alone. 

 

Figure 2-7: E79 and aztreonam lysine (AzLys) exhibit phage–antibiotic synergy (PAS) on P. 
aeruginosa PA01 biofilms. Biofilms were grown for 24 h followed by treatment for four hours in 
TSB media at 37 °C with shaking at 120 rpm with added sub-inhibitory AzLys, E79 phage (104 

PFU/well), or a combination of both. Biofilms were disrupted back into a planktonic culture 
using a water bath sonicator, and optical density at 600 nm (OD600) was measured to obtain 
biofilm mass. Statistical analysis was performed using ANOVA and Dunnett’s post-test 
compared to the control (**, p < 0.01; ***, p < 0.001; ****, p < 0.0001). Error bars represent the 
standard error of the mean (SEM). 
 

Effects of Sub-Inhibitory AzLys on PA01 Surface Structures  

Though AzLys can increase the activity of a phage that uses LPS as its receptor, it seems 

unlikely that it would be able to increase the activity of a phage that uses a receptor whose 
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expression might decrease due to filamentation, rather than increase like LPS. Numerous studies 

suggest that sub-inhibitory concentrations of cell wall-disrupting antibiotics may negatively 

affect bacterial virulence factors 267–272. Due to the changed cellular morphology of PA01 caused 

by the presence of sub-inhibitory AzLys, we were interested to determine whether polar motility 

structures on the cell surface such as pili and flagella were also affected 273. Type IV pili (T4P) 

are cell surface structures involved in cell motility, virulence, and adhesion 274, and are a 

common receptor for many P. aeruginosa specific phages 238. Based on the observation that 

PA01 undergoes aberrant cell division in the presence of AzLys, resulting in linked, filamentous 

cells and a reduced number of poles, it is likely that T4P expression or function may be 

decreased under these conditions. Assessment of T4P function via twitching motility for PA01 

bacteria grown in the presence of four different sub-inhibitory AzLys concentrations revealed 

that sub-inhibitory levels of AzLys significantly decreases twitching motility in a concentration-

dependent manner (Figure 2-8A). All four AzLys concentrations tested show a significant 

decrease in twitching motility compared to the twitching diameter of 19.5 ± 2.0 mm when PA01 

is grown in the absence of AzLys. Twitching motility was eliminated at the highest sub-

inhibitory AzLys concentration of 1.41 μg/mL. These results show that sub-inhibitory levels of 

AzLys have a concentration-dependent negative effect on T4P function in PA01. 
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Figure 2-8: Effect of sub-inhibitory concentrations of aztreonam lysine (AzLys) on the motility 
of P. aeruginosa PA01. (A) PA01 grown in the presence or absence of sub-inhibitory AzLys 
concentrations were stab inoculated through 1% agar and incubated for 24 h at 37 °C. Twitching 
zones below the agar were visualized with TM developer solution and the diameter was 
measured using ImageJ 241. (B) PA01 grown in the presence or absence of sub-inhibitory AzLys 
concentrations were stab inoculated midway through 0.3% ½ LB agar and incubated for 24 h at 
37 °C. Diameter of swimming zone was measured using ImageJ. Representative twitching or 
swimming zones are shown on the left and the average diameter of each from nine replicates is 
shown on the right, including error bars showing standard deviation. Statistical analyses were 
performed using ANOVA and Dunnett’s post-test compared to the controls (***, p < 0.001; 
****, p < 0.0001).  
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In addition to T4P, we investigated whether AzLys also negatively affects the function of 

other polar motility structures. P. aeruginosa has a single polar flagellum 275 that is responsible 

for mediating bacterial movement through liquid or low-viscosity conditions, known as 

swimming motility 244. If aberrantly divided filamentous cells express fewer flagella based on 

cell mass than normal, the addition of AzLys may result in decreased swimming ability. 

Assessment of swimming motility in the presence of sub-inhibitory concentrations of AzLys 

shows a decrease in swimming zone diameter (Figure 2-8B). This negative effect is 

concentration dependent, with the highest concentration of 1.41 μg/mL reducing flagellar 

function by approximately 49.3% compared to cells grown without AzLys. While this 

concentration-dependent effect is similar to the observed reduction in twitching motility, 1.41 

μg/mL AzLys did not eliminate swimming motility as it did for twitching motility (Figure 2-8). 

Fonseca et al. (2004) similarly observed a decrease in both twitching and swimming motility 

following the exposure of eight different strains of P. aeruginosa to 0.5 MIC 

piperacillin/tazobactam. However, antibiotics can also have the opposite effect on motility; an 

increase in swimming motility was observed for Chromobacterium violaceum when exposed to 

sub-inhibitory concentrations of kanamycin 276. How an antibiotic affects motility and other 

virulence factors is likely determined by the way the cell responds to the environmental stressor. 

Therefore, it may be important to pair a cell’s response to an antibiotic with the requirements of 

the phage infection cycle when searching for synergistic activity between an antibiotic and a 

phage. It is plausible that P. aeruginosa phages using the T4P or flagella as a receptor may not 

exhibit a significant increase in phage adsorption or infection efficiency in the presence of 

antibiotics that cause filamentation, and PAS effects may not be observed.  
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Effects of AzLys on T4P-Specific Phage phiKZ  

To test the hypothesis that filamentation may not increase the activity of phages that use 

receptors found at the poles of P. aeruginosa, we examined the plaque diameter and phage titer 

of phiKZ in the presence of varying sub-inhibitory concentrations of AzLys. The virulent phage 

phiKZ requires a functional T4P to infect P. aeruginosa 277. Our results show that AzLys did not 

cause a significant increase in phiKZ plaque diameter or phage titer compared to the control 

(Figure 2-9A and B), and a decrease in plaque size at the two lowest sub-inhibitory 

concentrations is observed (p < 0.001, p < 0.01). A possible explanation for this decrease in 

plaque size could be reduced phage adsorption rates due to reduced access to cellular receptors 

caused by filamentation. It is unknown why the plaques returned to average size as AzLys is 

increased, but it is possible that phiKZ exhibits a decreased latency period and/or accelerated 

time to lysis, as seen with E79, allowing the plaques to return average size as the effects of the 

antibiotics are increased. 
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Figure 2-9: Effects of aztreonam lysine (AzLys) on P. aeruginosa phage phiKZ that uses the 
T4P as its receptor. (A) Box plot of plaque diameter, and (B) bar chart of average phage titer, of 
phage phiKZ in the presence of different concentrations of sub-inhibitory AzLys determined by a 
modified double agar overlay assay. Results are from three separate trials, with error bars 
representing the (A) largest and smallest plaque diameter and (B) standard deviation. Statistical 
analysis was performed using a one-way ANOVA with Dunnett’s post-test compared to the 
control (** p < 0.01; *** p < 0.001; ns, not significant). (C) Infection efficiency of phiKZ in the 
absence (-) or presence (+) of 1.06 μg/mL AzLys. Images are representative of three biological 
replicates, each with three technical replicates. (D) Killing effect of phage phiKZ was examined 
with or without the addition of 1.06 μg/mL AzLys. Values are averages from three trials, with 
error bars representing the standard error of the mean (SEM). Statistical analysis was performed 
using unpaired t-tests (** p < 0.01, **** p < 0.0001; ns, not significant).  
   

To examine whether phiKZ efficiency of infection is affected by AzLys, phiKZ was 

spotted in 10-fold dilutions on double agar overlays with and without 1.06 μg/mL AzLys (Figure 
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2-9C). PhiKZ efficiency of infection is decreased by approximately 10-fold, and zones of 

clearing look more diffuse in the presence of AzLys. To further investigate how cell exposure to 

AzLys affects the activity of phages that use T4P as their receptor, we assessed whether phiKZ 

exhibits a change in killing activity in the presence of 1.06 μg/mL AzLys (Figure 2-9D). PhiKZ 

was added at MOIs of 1, 0.1, and 0.01 to exponential-phase cells and optical density (OD600) was 

measured at 24 h. Unexpectedly, PA01 exhibited a greater reduction in growth with combination 

treatment as compared to phiKZ treatment alone, at all MOIs, two of which were statistically 

significant (MOI 0.1, p < 0.01; MOI 0.01, p < 0.0001). These results indicate that although there 

was no observed increase in phiKZ plaque size, phage production, or infection efficiency, we 

were still able to observe PAS with AzLys on PA01. 

Effects of AzLys on PhiKZ Phage Growth Curve 

Due to the increase in killing action observed by combination treatment with phiKZ and 

AzLys, we sought to determine how AzLys might affect the growth curve of phiKZ. We 

performed a one-step phage growth curve for phiKZ on PA01 in the presence or absence of 1.06 

μg/mL AzLys. Similar to the trend seen in the E79 growth curves, the phiKZ curves differ from 

each other in a number of ways, but some time points remain remarkably similar between the 

two groups (Figure 2-10A). In both curves, the phiKZ titer rises slightly at 9 min, and no obvious 

decrease in titer is observed (Figure 2-10A and B). Thus, we were unable to calculate phage 

adsorption rates. Though this is unfortunate, it is not uncommon for some one-step growth 

curves to lack an obvious adsorption phase 224,228,252. Moderate accelerated time to lysis in the 

presence of AzLys occurs from 30 to 60 min, where phiKZ is being released both earlier and at a 

faster rate, as compared to the control (Figure 2-10A and B). Similar to the E79 growth curves, 

after the accelerated lysis, phage production begins to slow down, and phiKZ in the presence of 
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AzLys completes its cycle at the same time as the control, with no obvious increase in final 

phage production (Figure 2-10A,B). We also see a small decrease in burst size from 14 to 9 in 

the presence of AzLys. However, no significant decrease in phage titer after overnight infection 

was observed for phiKZ (Figure 2-9B). The phenomenon of accelerated time to lysis has been 

observed before with penicillin, another cell wall inhibiting antibiotic, and was shown to 

accelerate time to lysis for a staphylococcus phage 253. As discussed previously, Kim et al. 228 

showed contrasting results with other antibiotics that cause filamentation of E. coli, resulting in a 

delayed time to lysis and increased phage production. A plausible explanation for how 

accelerated time to lysis paired with a slight reduction in burst size causes increased activity is 

that accelerated phage maturation allows for phage to be released and infect new cells faster, 

accelerating the overall rate of killing. These results together suggest that the phenomenon of 

PAS is more complex than just a change in cell morphology that causes a consistent change in 

phage activity, and likely depends on a variety of factors including the type of bacteria, phage, 

and antibiotic being used. 
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Figure 2-10: Aztreonam lysine (AzLys) shortens the latent period of the phiKZ one-step growth 
curve. Phage phiKZ was mixed with P. aeruginosa PA01 grown with or without 1.06 μg/mL 
AzLys at a MOI of approximately three and phage titer was determined periodically over a 2 h 
incubation. (A) The one-step growth curve of phiKZ, with each point representing the average of 
nine samples from three separate trials. Statistical analysis was performed using a paired t-test. 
(B) Growth rate of graph in (A) determined using the averages from each trial and calculated 
using growth rate equation log10N-log10N0 = (μ/2.303) (t-t0). All error bars represent the 
standard error of the mean (SEM). 
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Conclusions  

It is estimated that 60–80% of CF adults will develop a chronic P. aeruginosa lung 

infection 35. Once P. aeruginosa progresses to a chronic infection in individuals with CF, 

eradication of these infections is nearly impossible 278. In addition, re-colonization is common 

due to P. aeruginosa persistence in the upper airways 278. However, PAS has the potential to 

improve treatment for chronic infections with the combined action of antibiotics and select 

phages increasing killing activity against pathogens 224,225,227,248,249,253,257–265,279–287, and a variety 

of studies have shown that the combined use of antibiotics and phages reduces the emergence of 

resistance to one or both killing agents 227,280–282,286–289. In this study, we show that AzLys 

increases the activity of phiKZ against planktonic culture, and increases the activity of E79 

against biofilms. Phage E79 has previously been shown to be a promising candidate for use in 

phage therapy 232 and its activity appears to be increased by a combination of increased 

adsorption to the host, increased infection efficiency, and accelerated time to lysis. This study 

also shows that although AzLys negatively affects the expression of the T4P virulence factor, an 

increased killing activity of T4P-dependent phiKZ was observed that may be caused by 

accelerated time to lysis. This finding highlights the hypothesis that PAS is complex and occurs 

through a variety of different mechanisms. It further shows that standard methods for identifying 

PAS, such as plaque size and phage titer, are not always sufficient to determine whether synergy 

exists. Overall, this study demonstrates the efficacy of PAS against P. aeruginosa PA01 in vitro 

and helps to establish PAS with AzLys as a promising treatment expansion for the CF 

community. 
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Objectives 

The objectives of this research were to a) assemble and annotate the genome of 

bacteriophage JC1, and b) to characterize JC1 by analysing its host range, morphology, growth 

curve, receptor, virion-associated proteins, lifestyle, and virulence index. 

Materials and Methods 

Bacterial Strains and Growth Conditions 

Bacterial strains used in this study are listed in Table 3-1. B. cenocepacia clinical isolate 

from Vancouver was named Van1 and used for isolation of phages from soil samples. Van1 and 

the JC1 lysogen were grown aerobically overnight at 37 °C on full-strength Lennox (LB; 10 g/L 

tryptone, 5 g/L yeast extract, 5 g/L NaCl) solid medium or in LB broth with shaking at 225 RPM 

unless stated otherwise. All other strains were grown at 30 °C on half-strength LB. Media was 

supplemented with 50–150 µg/mL tetracycline (Tc) antibiotic for plasmid maintenance when 

necessary. Suspension media (SM; 50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 10 mM MgSC4) 

was used for all phage work. Any statistical analysis was conducted using GraphPad Prism 9 

(Graph-Pad Software Inc., San Diego, CA, USA). 

Phage Isolation, Propagation, Host Range Analysis, and Electron Microscopy 

Phage JC1 (vB_BceP_JC1) was isolated by Jamie Cole from potting soil in Edmonton, 

AB, Canada as previously described 290 with B. cenocepacia clinical isolate Van1. Briefly, soil 

was mixed with 1/2 LB broth, SM, and B. cenocepacia Van1 liquid culture and incubated at 30 

°C overnight with aeration. The soil slurry was then pelleted by centrifugation and the 

supernatant was filter sterilized using a Millex-HA 0.45 µM syringe-driven filter unit (Millipore, 

Billerica, MA, USA). A double agar overlay with Van1 and the supernatant was incubated 
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overnight at 30 °C. A single plaque was isolated using a sterile Pasteur pipette and suspended in 

500 µL of SM with 20 µL chloroform to generate a JC1 stock. 

Propagation of JC1 was performed at 30 °C using double agar overlays as previously 

described 237,290, or in liquid. For liquid propagation, 150 µL of a Van1 overnight culture was 

mixed with 150 µL of JC1 lysate (1010 PFU/mL) and incubated for 30 min. After the brief 

incubation 1.5 mL of SM and 15 mL of LB broth was added to the mixture and incubated 

overnight with aeration at 225 RPM. Bacterial cells were pelleted by centrifugation at 18,514× g 

for 3 min. The supernatant was collected, and filter sterilized using a Millex-HA 0.45 µM or 0.22 

µM syringe-driven filter unit (Millipore, Billerica, MA, USA). JC1 phage stocks were serially 

diluted into SM and spotted onto soft agar overlays of Van1 to determine stock titer. Plaques 

were backlit and viewed under magnification using a New Brunswick Scientific colony counter 

(model C110). Average plaque size was determined from 10 plaques ± standard deviation 

measured using a digital caliper (Tresna, Guilin, China). 

 

       Table 3-1: Host range analysis of JC1 on 85 Burkholderia strains. 
Burkholderia species Strain Efficiency of Plating 

(EOP) 
Source / Reference 

B. cepacia ATCC 25416T ND Onion / 291–293 
 ATCC 17759 ND Soil, Trinidad / 9,291–293 
 CEP509 / 

LMG 18821 
6.7 x 10-7 CF patient, Australia / 291 

 CEP521 7.3 x 10-7 CF patient, Canada / CBCCRRR* 
B. multivorans ATCC 17616 +++ Soil, USA / 9,58,291,294,295 

 C3430 ND CF patient, Canada / 296 
 C1576, LMG 

16660 
ND CF-e patient, UK / 58,297 

 C5274 8.0 x 10-6 CF patient, Canada / 296 
 C5393 ND CF patient, Canada / 298 
 C5568 ++ CF patient, Canada / 296 
 JC1 ++ CF patient, Canada / 296 
 LMG 13010T ++ CF patient, Belgium / 58,299 
 M1512 ND CF patient, Canada / 300 



 62 

 M1865 ND CF patient, Canada / 300 
 R810 ND CF patient, Canada / 300 
 R1159 ND CF patient, Canada / 300 

B. cenocepacia AU1054 0.93 CF patient / 295 
 715j ND CF patient, USA / 301 
 BS1 ++ CF patient, Canada / This study 
 BS2 ++ CF patient, Canada / This study 
 BS3 ++ CF patient, Canada / This study 
 C1257 ++ CF-e patient, USA / 296 
 C4455 ++ CF-e patient, Canada / 296 
 C5424 0.25 CF-e patient, Canada / 291,298 
 C6433 ND CF-e patient, Canada / 298,302 
 C8963 0.3 CF patient, Canada / 303 
 C9343 ND CF patient, Canada / 303 
 CEP511 ++ CF-e patient, Australia / 298 
 CEP0868 0.002 CF patient, Argentina / 300 
 D1 ND Soil, USA / 300 
 HI2424 ND Soil, USA / 300 
 J2315 0.14 CF-e patient, UK / 87,304 
 K56-2 +++ CF-e patient, Canada / 305 
 K63-3 ND CF-e patient, Canada / 305 
 LMG 19240 ND Wheat soil, Australia /306 
 MCO-3 ND Maize soil, USA / 131 
 PC184 0.19 CF-e patient, USA / 307 
 R161 + CF patient, Canada / 300 
 R452 + CF patient, Canada / 300 
 R750 0.9 CF patient, Canada / 300 
 R1284 0.022 CF patient, Canada / 300 
 R1285 0.6 CF patient, Canada / 300 
 R1314 ++ CF patient, Canada / 300 
 R1434 0.86 CF patient, Canada / 300 
 R1619 ++ CF patient, Canada / 300 
 R1882 0.53 CF patient, Canada / 300 
 R1883 0.47 CF patient, Canada / 300 
 R1884 1 CF patient, Canada / 300 
 R2314 0.73 CF patient, Canada / 300 
 RK1b 0.31 CF patient, Canada / 300 
 S11528 0.8 CF patient, Canada / 300 
 Van1 1 CF patient, Canada/This study 

B. stabilis LMG 14294 + CF patient, Belgium / 299 
 C7322 / LMG 

18870 
6.0 x 10-4 CF patient, Canada / 298 

 R450 ND CF patient, Canada / 300 
 R2140 + CF patient, Canada / 300 
 R2339 ND CF patient, Canada / 300 

B. vietnamiensis DBO1 ND Soil, USA / 308 
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 LMG 10929T ND Rice, Vietnam / 58,60 
 PC259 / LMG 

18835 
+ CF patient, USA / 309,310 

 G4 ND Soil, USA / 311 
B. dolosa AU0158 ++ CF patient, USA / 312 

 CEP021 + CF patient, USA / 312  
 E12 8.6 x 10-5 CF patient, UK / 312 
 STM1441 ND Soil, Senegal / 312 

B. ambifaria AMMDT ND Soil, USA / 312 
 ATCC 53266 2.3 x 10-5 Soil, USA / 312 
 CEP996 0.31 CF patient, Australia / 312 
 M53 ND Soil, USA / 300 

B. anthina AU1293 0.8 CF patient, USA / 312 
 C1765 4.3 x 10-3 CF patient, UK / 312 
 J2552 ND Soil, UK / 312 
 W92T ND Soil, USA / 312 

B. pyrrocinia ATCC 15958 ND Soil, Japan / 312 
 ATCC 39277 ND Soil, USA / 312 
 BC011 ND Water, USA / 312 
 C1469 ND CF patient, UK / 312 

Bcc Group K CEP0964 ND CF patient, Canada / 300 
 CEP1056 ++ CF patient, Canada / 300 
 R445 3.1 x 10-5 CF patient, Canada / 300 

B. lata 383 ND Soil, Trinidad / 313 
Burkholderia sp. JS150 1 Soil, USA / 300 
Pandoraea sp. R1717 ND CF patient, Canada / [21] 

Ralstonia pickettii ATCC 27511 0.7 Patient isolate, USA / 314 
 YH105 ND Soil, USA / 315 
ND, Not detected; +, clearing at 1010 PFU/mL; ++, clearing at 109 PFU/mL; +++, clearing at 108 PFU/mL. 
EOP calculated by dividing PFU/mL on each strain by actual PFU/mL determined on strain Van1. 
Abbreviations: T, type strain; CF, cystic fibrosis isolate; CF-e, cystic fibrosis epidemic isolate. * Canadian 
Burkholderia cepacia complex Research and Referral Repository. 

 

Host range analysis was performed using a collection of 85 phenotypically distinct 

clinical and environmental isolates listed in Table 3-1. A high titer JC1 phage stock (1 × 1010 

PFU/mL) was serially diluted in SM and 5 µL of each dilution was spotted onto double agar 

overlays of each strain and incubated at 37 °C overnight. Efficiency of plating (EOP) was 

calculated by dividing the PFU/mL of JC1 on each strain by the actual PFU/mL determined on 

host Van1. EOP was only calculated for strains that JC1 could produce plaques on. Strains that 
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showed lysis, but no plaques, were included in the host range but were scored using a range of 1 

to 3 “+” signs instead of an EOP score. 

For electron microscopy, phages were purified by cesium chloride density gradient 

ultracentrifugation and dialysis. CsCl was dissolved in high titer JC1 lysate to a density of 1.45 

g/mL followed by ultracentrifugation at 35,000 RPM in a 50.2 Ti rotor for 20 h at 4 °C. The 

phage band was extracted into 12 kDa molecular weight cut off dialysis tubing and dialyzed at 4 

°C in 1.5 L SM for 4 days, with the SM buffer changed every 24 h. Ten µL purified phage lysate 

was loaded onto a carbon-coated copper grid for 2 min and stained with 4% uranyl acetate for 20 

s, as previously described 238. Transmission electron micrographs were captured using a 

Philips/FEI Morgagni transmission electron microscope with charge-coupled device camera at 

80 kV (U. Alberta Dept. of Biological Sciences Advanced Microscopy Facility). The average 

capsid and tail dimensions ± standard deviation was calculated using Microsoft Excel based on 

measurements from 10 individual virions taken using ImageJ software (NIH, Bethesda, MD, 

USA). 

Phage DNA Isolation and Sequencing 

JC1 genomic DNA (gDNA) was isolated by Jamie Cole from a high titer phage stock 

using the Wizard Lambda DNA purification system (Promega Corp., Madison, WI, USA) with 

some modifications. A 1 mL aliquot of JC1 was incubated with 1 µL of 10 mg/mL DNase I 

(Thermo Scientific, Waltham, MA, USA), 10 µL DNase I buffer (1 M Tris-HCl, 0.25 M MgCl2, 

10 mM CaCl2), and 0.6 µL of 10 mg/mL RNase A (Thermo Scientific) for 1 h at 37 °C. After 

incubation, 40 µL of 0.5 M EDTA (pH 8.5) was added to inactivate DNase I and 3.125 µL of 25 

mg/mL proteinase K (Applied Biosystems, Carlsbad, CA, USA) and incubated at 55 °C for 1 h 

to degrade proteins and release phage DNA. The treated lysate was allowed to cool to room 
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temperature and added to 0.84 g of guanidine thiocyanate and 1 mL of pre-warmed (37 °C) 

resuspended Wizard DNA Clean-Up Resin (Promega Corporation, Madison, WI, USA). This 

mixture was rocked at room temperature for 20 min, then transferred into a syringe attached to a 

Wizard Minicolumn (Promega Corporation) and pushed though the column. The column was 

then washed with 3 mL 80 % isopropanol and dried by centrifugation for 2 min at 10,000× g. 

JC1 phage DNA was then incubated for 1 min with 100 μL of 80 °C sterile milli-Q water 

(Integrated DNA Technologies, Coralville, IA, USA) and eluted from the column by 

centrifugation for 1 min at 10,000× g. A NanoDrop ND-1000 spectrophotometer (Thermo 

Scientific, Waltham, MA, USA) was used to determine purity and concentration of eluted DNA. 

JC1 gDNA was sent for sequencing at The Applied Genomics Core at the University of Alberta. 

A Nextera XT library prep kit was used to generate the DNA genomic library followed by 

paired-end sequencing on a MiSeq (Illumina, San Diego, CA, USA) platform using a MiSeq v3 

reagent kit. 4.8. 

Bioinformatic Analysis of JC1 

Read quality was assessed using FastQC v0.11.9 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ accessed on 19 January 2022) and 

trimmed using Trimmomatic v.0.39 316 with the following parameters: a four-base sliding 

window that cuts when the average quality per base drops below 20, removes leading and trailing 

low quality or N bases (below quality 3), and a minimum read length of 35 bp. Of 1,000,666 

reads, 92.58% of both read pairs survived trimming and were assembled using SPAdes v3.13.0 

317, resulting in a final contig length of 61,191 bp contig with 1,711,139 reads mapping to 100% 

of the contig to give an average fold coverage of 3657. PCR and Sanger sequencing was used to 

confirm the assembly by amplifying 13 different regions spanning areas of lower coverage and 
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the “ends” of the contig. The product spanning the ends of the contig lacked a 9 bp repeat 

sequence, confirming a complete genome length of 61,182 bp. The JC1 genome was determined 

to be circularly permuted based on read coverage and assembly outputs. 

Annotation of the contig was performed using three different annotation software: 

GLIMMER using the Bacteria and Archaea setting 318, Prodigal 319, and GeneMarkS for phage 

320. BLASTn was used to find related phages and BLASTp was used to identify predicted 

protein-coding genes and putative functions. Protein-protein BLAST was set to the Bacteria 

database (taxid:2) when no significant hits were found using the Viruses database (taxid:10239). 

NCBI non-redundant protein sequence and nucleotide collection databases (update date: 22 

January 2022) were used. Hits with an E-value of 1 × 10−3 or greater were not considered 

significant, and annotations were recorded as hypothetical. Conserved domains were identified 

using Batch CD-Search against the CDD v3.19 58235 PSSMs database with default settings 321. 

TMHMM 2.0 322, and SignalP 6.0 323, were used for lysis protein analysis and prediction of 

lipoproteins, respectively. Aragorn (Galaxy Version 0.6) 324 was used to identify potential tRNA 

genes. Protein alignments were created using MUSCLE 325. Whole genome alignments and 

comparisons were done using MAFFT multiple aligner v1.4.0 326 and Mauve v1.1.1 327 plugins 

for Geneious and clinker v1.32 328. The complete genome sequence of JC1 was deposited in 

GenBank with the accession number OM283127. 

Mass Spectrometry Analysis of JC1 

JC1 was purified for proteomic analysis using a CsCl density gradient centrifugation. A 

150 mL volume of JC1 lysate (1010 PFU/mL) was concentrated using ultracentrifugation at 

28,700 RPM in a 50.2Ti rotor at 4 °C for 1.2 h. The JC1 pellets were resuspended with SM to a 

final volume of 16 mL and prepared for CsCl purification according to the manufacturer 
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recommendations (Beckman Coulter 2008). The CsCl gradient was centrifuged at 30,000 RPM 

in a 50.2Ti rotor at 4 °C for 20 h. JC1 ghost band was removed and dialyzed thoroughly with 

SM. Phage were prepared for mass spectrometry analysis by boiling purified lysate for 5 min in 

Laemmli sample buffer (62.5 mM Tris-HCl [pH 6.8], 2% SDS, 10% glycerol, 5% β-

mercaptoethanol, 0.001% bromophenol blue), and running on a 10% SDS-PAGE gel. PageRuler 

Plus Prestained Protein Ladder (Thermo Scientific) was used as a molecular weight standard and 

30 µL of JC1 CsCl purified lysate (1010 PFU/mL) in 1× sample buffer was loaded into an 

adjacent well. The lane was excised for whole-lane mass spectrometry analysis at the Alberta 

Proteomics and Mass Spectrometry (APM) facility located at the University of Alberta. Proteins 

were considered virion associated if they were identified by two or more unique medium to high 

quality peptides. 

One-Step Growth Curve 

One-step growth curve of JC1 on B. cenocepacia Van1 was conducted as previously 

described 229,242 with minor modifications. Overnight liquid cultures of Van1 were subcultured 

1:100 and grown for approximately 2 h and 45 min to a CFU/mL of ~3 × 107. JC1 lysate was 

added at an MOI of approximately 2 and incubated at 37 °C with aeration at 225 RPM. A 

volume of 10 μL was removed in triplicate every 30 min and immediately serially diluted in 1× 

PBS. Phage titers were determined by spotting 5 µL of each dilution on soft agar overlays 

containing Van1 culture. Burst size was calculated using the formula “burst size = P/I” where P 

is the maximum number of phages after lysis and I is the number of phages initially added to the 

culture. The experiment was performed in technical and biological triplicate. 
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Complementation of LPS Mutants 

Plasmids used in this study are listed in Table 3-2. The LPS genes for each of the seven 

mutants were amplified from B. cenocepacia K56-2 gDNA using primer pairs listed in Table 3-

3. Resulting PCR products were digested with XbaI and KpnI Fast Digest restriction 

endonucleases (Thermo Scientific), ligated with T4 DNA ligase (NEB) into the vector 

pSCrhaB2-Tc, and transformed into Escherichia coli DH5α. Each resulting construct was 

verified with Sanger sequencing and transformed into the desired electrocompetent K56-2 LPS 

mutant strain. 

 

Table 3-2: Plasmids used in this study 
Plasmids Description Source 

pSCrhaB2-Tc Burkholderia cenocepacia rhamnose-
inducible expression vector, TcR 

(Juárez-Lara, unpublished)  

pK56-2hldAhldD pSCrhaB2 carrying K56-2 hldA and 
hldD, TcR 

This study 

pK56-2waaC pSCrhaB2 carrying K56-2 waaC, TcR This study 
pK56-2wabO pSCrhaB2 carrying K56-2 wabO, TcR This study 
pK56-2waaL pSCrhaB2 carrying K56-2 waaL, TcR This study 
pK56-2wabR pSCrhaB2 carrying K56-2 wabR, TcR This study 
pK56-2wabS pSCrhaB2 carrying K56-2 wabS, TcR This study 
pK56-2wbxE pSCrhaB2 carrying K56-2 wbxE, TcR This study 

 

           Table 3-3: Primers used in this study 
Primer name Sequence (5’-3’) Function 

2F CTGCTTCTTCGATAGTGGTG Anneals at 14,813 bp to 14,832 bp of 
JC1 genome, used to detect presence 
of JC1 genome in bacteria survivors 

of JC1 infection 
2R TCGGATTCCTCCTTCTCG Anneals at 15,729 bp to 15,746 bp of 

JC1 genome, used to detect presence 
of JC1 genome in bacteria survivors 

of JC1 infection 
attp_F TCACGAGCAGGCTATACACG Anneals at 1237 bp to 1256 bp. 

Flanks the predicted attP site 
upstream of gp1 serine recombinase. 
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attp_R TGCAGCGTACAGACAGTTCC Anneals at 1850 bp to 1869 bp. 
Flanks the predicted attP site 

upstream of gp1 serine recombinase. 
rimO_F ATCCCCCAAAGTAGGGTTCG Anneals at 9 bp to 28 bp of Van1 

rimO gene. Used to confirm 
integration site of JC1 with attP_R 

primer.  
rimO_R CACGGCCTGCATCACTTC Anneals at 9 bp to 28 bp of Van1 

rimO gene. Used to confirm 
integration site of JC1 with attP_F 

primer. 
XOA8_kpnI_F TAATGGTACCGAACAAAACGGCAAGAATCG Anneals upstream of K56-2 wabO 

gene. KpnI site underlined. 
XOA8_xbaI_R TTTATCTAGAACCGTCATCTGGAAAGCTG Anneals downstream of K56-2 wabO 

gene. XbaI site underlined. 
CCB1_ kpnI_F TTTTGGTACCGCCGGGTTTATCTTGAAAAG Anneals upstream of K56-2 waaC 

gene. KpnI site underlined 
CCB1_ xbaI_R TTTTTCTAGAGACGGGACTTCGATGATCTG Anneals downstream of K56-2 waaC 

gene. XbaI site underlined. 
SAL1_ kpnI_F TTATGGTACCGATGCACTCGTGATCGTGAC Anneals upstream of K56-2 hldA 

gene. KpnI site underlined 
SAL1_ xbaI_R TTATTCTAGACTGGATCTCCGAAGAAAACG Anneals downstream of K56-2 hldD 

gene. XbaI site underlined. 
kpnI_F_XOA7 TAATGGTACCTACGTGGCGCACTGAAACAC Anneals upstream of K56-2 waaL 

gene. KpnI site underlined 
xbaI_R_XOA7 TAAATCTAGACGATATGGAACAGCAATCGC Anneals downstream of K56-2 waaL 

gene. XbaI site underlined. 
kpnI_F_RSF19 TAAAGGTACCACAGGTTGTATCGGCGTCTC Anneals upstream of K56-2 wbxE 

gene. KpnI site underlined 
xbaI_R_RSF19 TAAATCTAGAACTGCGCCTGGTTGTAACAC Anneals downstream of K56-2 wbxE 

gene. XbaI site underlined. 
kpnI_F_XOA15 TAAAGGTACCCGATTTCGCTAAAATGGCCC Anneals upstream of K56-2 wabR 

gene. KpnI site underlined 
xbaI_R_XOA15 TAAATCTAGAAGACGGTGTACTACCGCTTC Anneals downstream of K56-2 wabR 

gene. XbaI site underlined. 
kpnI_F_XOA17 TAAAGGTACCATCGGATTCAGTTCCAGCAG Anneals upstream of K56-2 wabS 

gene. KpnI site underlined 
xbaI_R_XOA17 TAAATCTAGAAGCCGTCTGACAGATTGCC Anneals downstream of K56-2 wabS 

gene. XbaI site underlined. 
 

Identification of Phage Receptor 

High titer JC1 (1010 PFU/mL) was spotted onto double agar overlays of wt K56-2 or LPS 

mutants carrying either an empty vector control or the complementation plasmid and observed 
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for lysis. Receptor analysis was examined further as previously described 329. Phage adsorption 

assays were performed with B. cenocepacia Van1 culture treated with either periodate or 

proteinase K to destroy either LPS or cell surface proteins, respectively. For proteinase K 

treatment, 2 mL of culture was treated with 0.2 mg/mL proteinase K (Applied Biosystems, 

Carlsbad, CA, USA), incubated at 37 °C for 3 h, and washed 2× with LB. For periodate 

treatment, 2 mL of culture was centrifuged at 6000× g for 3 min, and the bacterial pellet was 

resuspended in 1.5 mL sodium acetate (50 mM; pH 5.2) or sodium acetate with 10 or 100 mM 

IO4− and incubated for 2 h (protected from light). The cells were then washed 2× with LB. 

Bacterial suspensions were standardized using OD600. A 100 µL volume of JC1 (1 × 106 

PFU/mL) was incubated with a 500 µL sample of each treated bacteria, as well as an LB 

negative control and an untreated bacterial control for 30 min at room temperature. These 

samples were then centrifuged at 13,523× g for 3 min and tittered to determine the PFU/mL. The 

phage titer in the negative control supernatants were set to 100%. Each assay was performed in 

technical and biological triplicate. 

Determination of JC1 Lifestyle and Integration Site 

A liquid propagation of JC1 and Van1 was set up as described above. Surviving cells 

were collected by centrifugation at 6000× g for 5 min, and the supernatant was discarded. Cells 

were washed 3 times with LB broth to remove any extracellular phage and then resuspended in 5 

mL LB broth. The washed cells were incubated again overnight at 37 °C with aeration at 225 

RPM. The culture was then streaked onto LB solid media to obtain single colony isolates. Single 

colonies were then tested for superinfection resistance using overnight cultures of every isolate 

in a top agar overlay assay with Van1 spotted on top. Plates were incubated overnight at 37 °C 

and observed for zones of lysis. Colony PCR was also performed on each single colony to detect 
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the presence or absence of the JC1 genome. Single colonies with no zone of lysis and a positive 

PCR result were retained for further analysis. 

Stability was analyzed by streaking out 4 different JC1 lysogen isolates on to LB agar 

plates and incubating for 2 days at 37 °C. A single colony was picked from these plates and 

struck out onto a new plate to obtain a second streak out. This was then done a third time to 

obtain a third streak out. One colony from each streaked plate for each lysogen was tested for 

superinfection resistance to JC1 and the presence of the JC1 genome using PCR as described 

above. 

Determination of JC1 integration site was conducted as previously described 330 with 

some modifications. Primers were made that flanked the 133 bp intergenic region upstream of 

the predicted serine recombinase (gp1) (Table 3-3). Genomic DNA from a confirmed lysogen 

and pUCP22 were digested with SalI and ligated overnight with T4 DNA ligase (New England 

Biolabs) at 4 °C. 2.5 µL of the ligation mix was then used as a template in PCR using 

combinations of the primers that flank the upstream region of gp1 and M13 primers that flank the 

MCS of pUCP22. PCR products were sent for Sanger sequencing and analyzed using BLAST 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The integration site was further confirmed with PCR 

using primer pairs that anneal to the Van1 genome flanking the identified integration site (Table 

3-3). 

Growth Analysis of Van1 vs. JC1 Lysogen and JC1 Virulence Index 

Potential growth differences between B. cenocepacia Van1 and JC1 lysogen were 

assessed in 3 complete medias: LB broth, Mueller Hinton (MH) broth, and tryptic soy broth 

(TSB). Overnight cultures of each strain were subcultured 1:100 in LB broth and incubated at 37 

°C for 2 h and 45 min. Subcultures were further diluted 1:100 into their desired media to a final 
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CFU/mL of 1 × 106. A volume of 200 µL was added to each well of a 96-well plate and placed in 

an Epoch™ 2 Microplate Spectrophotometer (BioTek) at 37 °C with orbital shaking at 237 cpm. 

OD600 was measured every hour for 48 h. Growth rate was calculated for exponential growth 

with the averages from each trial using growth rate equation (1): 

log10N − log10N0 = (μ/2.303) · (t − t0) (1) 

The JC1 kill curves were performed similarly as described above with modifications. 

Van1 was prepared in LB as described above and 100 µL was mixed with 100 µL of JC1 diluted 

in LB to reach each desired multiplicity of infection (MOI). The 96 well plate was measured in 

an Epoch™ 2 Microplate Spectrophotometer (BioTek) at 30 °C or 37 °C with orbital shaking at 

237 cpm. OD600 was measured every hour for 48 h. Local virulence was calculated by dividing 

the area under the curve for each MOI by the area under the curve of the bacterial control and 

subtracting that from 1. Global virulence index was calculated by taking the area under the curve 

generated from plotting the local virulence at each MOI tested against log10 MOI and diving it by 

6 (all the MOIs tested-1). It is important to emphasize that global virulence indexes can only be 

compared if MOIs tested in the experiment are the same. Results for growth and kill curves were 

collected in technical and biological triplicate and analyzed using GraphPad Prism 9 (GraphPad 

Software Inc., San Diego, CA, USA). 

Results and Discussion  

Isolation, Morphology, and Host Range 

Burkholderia phage JC1 (vB_BceP_JC1) was isolated by Jamie Cole from potting soil 

containing geranium (Geranium dissectum) and petunia (Petunia exserta) annual flowers using 

cystic fibrosis clinical isolate Van1. JC1 produces clear plaques with a diameter of 1 to 2 mm 

with overnight incubation at 37 °C and forms slightly turbid plaques of the same size at 30 °C 
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after a 2-day incubation. Transmission electron microscopy (TEM) was used to visualize JC1 

and classify it as a Podoviridae phage with a C1 morphotype 331, having an average capsid 

diameter of 71 nm ± 1.24 nm and a short non-contractile tail with a length of 20 nm ± 0.91 nm 

and a width of 13 nm ± 0.67 nm. (Figure 3-1). 

 

Figure 3-1: Transmission electron micrograph of JC1. High titer CsCl gradient purified JC1 
virions were stained with 4% uranyl acetate on a copper grid and viewed at 140,000× 
magnification with a transmission electron microscope. Measurements of 10 phage particles have 
an average capsid diameter of 71 nm ± 1.24 nm and a short, noncontractile tail measuring 20 nm 
± 0.91 nm in length and 13 nm ± 0.67 nm in width. Scale bar represents 100 nm. 
 

Tail fibers were not observable in the TEM images. JC1 morphology is similar to 

Bcep22, BcepIL01, and DC1 332,333, suggesting it may be a member of the Bcep22-like phage 

group. A one-step growth curve of JC1 on host strain Van1 shows a latent period of 1.5 h and a 

burst size of 296 virions at 6 h (Figure 3-2). 
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Figure 3-2: JC1 one-step growth curve on B. cenocepacia strain Van1. Subcultured Van1 was 
grown to approximately 3 × 107 CFU/mL at 37 °C. JC1 lysate was added at an MOI of ~2 and 
incubated at 37 °C with aeration at 225 RPM. Samples were taken every 30 min for 3 h, 
followed by every hour for 3 h, and serially diluted in 1× PBS. A total of 5 μL of each dilution 
was spotted on soft agar overlays containing Van1. Error bars represent the standard error of the 
mean (SEM). Data from three biological replicates is shown. Phage JC1 exhibits a latent period 
of 1 h and 30 min and a burst size of 296 virions per cell at 6 h. 
 

The host range of JC1 was performed on a large panel of 85 Bcc clinical and 

environmental isolates revealing a very broad host range. JC1 is capable of infecting an 

impressive range of Burkholderia species including B. cepacia, B. multivorans, B. cenocepacia, 

B. stabilis, B. vietnamiensis, B. dolsa, B. ambifaria, B. anthina, Bcc Group K, Burkholderia sp, 

and Ralstonia pickettii, which possesses high similarity to Bcc 334. JC1 showed lytic activity 

against 50 of the 85 strains, successfully forming plaques on 29 of the 50 (Table 3-1). 
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Receptor Binding 

A significant number of Burkholderia phages likely use the LPS as their primary receptor 

for infection 335. A collection of B. cenocepacia K56-2 LPS mutants have been previously 

constructed and characterized 145,146. Plasmids complementing each LPS mutant were 

constructed and transformed into their designated strain. The collection of 7 LPS truncation 

mutants and their complemented strains were screened to determine if JC1 uses the LPS as its 

receptor. JC1 can infect K56-2 lacking an O-antigen and the outer core but is unable to infect 

mutants lacking varying degrees of the inner core (Table 3-4) 145,146. Complementation of the 

three LPS truncation mutants restores JC1 infection. Since LPS make up a significant proportion 

of the outer membrane of Gram-negative bacteria, extreme truncations of the LPS may affect the 

organization of the membrane and may be indirectly affecting the ability of JC1 to infect mutant 

strains SAL1, CCB1, and XOA8 145. To further investigate if the LPS is the primary receptor of 

JC1, we examined phage adsorption against Van1 treated with either proteinase K or periodate, 

which destroy surface proteins or carbohydrates, respectively. JC1 was able to adsorb to 

untreated and proteinase K treated cells, but JC1 was unable to adsorb to cells treated with 

periodate (Figure 3-3). These results paired with the screening of the LPS mutants confirm that 

LPS is the primary receptor for JC1. 
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Figure 3-3: Effects of proteinase K and periodate treatment on JC1 adsorption to B. cenocepacia 
Van1. Bacterial overnights were incubated with either (A) proteinase K or (B) or periodate to 
observe if JC1 can adsorb to bacteria without surface proteins or carbohydrates, respectively. 
Error bars represent the standard error of the mean (SEM). Data from three biological replicates 
is shown. 
 

Table 3-4. JC1 receptor identification on B. cenocepacia K56-2 LPS mutants. 
Bacterial strain Phenotype pSCRhaB2 pSCRhaB2-complement 

K56-2 Wildtype LPS + + 
SAL1 K56-2 hldA:: pSL5, Lacks inner and outer core – + 

CCB1 K56-2 waaC::pGPΩTp, Lacks inner and outer 
core – + 

XOA8 K56-2 wabO::pGPΩTp, Lacks inner and outer 
core – + 

XOA7 K56-2 waaL::pGPΩTp, Lacks outer core + + 
XOA15 K56-2 wabR::pGPΩTp, Lacks outer core + + 
XOA17 K56-2 wabS::pGPΩTp, Lacks outer core + + 
RSF19 K56-2 wbxE:: pRF201, Lacks O-antigen + + 
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Truncation of the LPS to evade infection by JC1, or other phages that require the inner 

core for infection, should increase sensitivity to antimicrobial peptides such as polymyxin B, 

melittin, and human neutrophil peptide 1 (HNP-1) and possibly affect survival in vivo as seen in 

previous work characterizing strains lacking a complete LPS core oligosaccharide 145,146. 

Combination therapy with these antimicrobials and phage could therefore prove very effective at 

reducing resistance and increasing sensitivity to both killing agents. 

Genomic Characterization 

The genome of JC1 is 61,182 bp in length (Figure 3-4) with a 65.4% G + C content and a 

coding density of approximately 95%. BLASTn analysis of the JC1 genome shows it is related to 

the Bcep22-like Podoviridae phages and belongs to the Lessievirus genus. JC1 is most similar to 

DC1 with 90.88% identity over 61% of the genome. Interestingly, JC1 also has similarity to a 

number of Ralstonia phages, which likely explains why JC1 is able to infect R. picketti. Using 

MAFFT alignment, JC1 is the most divergent of the Bcep22-like phages, with 54.3%, 57%, 

59.1%, and 60% identity across the whole genome to Bcep22, BcepMigl, BcepIL02, and DC1, 

respectively (Figure 3-5). 
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Figure 3-4: Circularized genomic map of JC1. Scale (in bp) is shown on the outer periphery. 
Assigned putative functions for each of the 76 predicted open reading frames are as follows: 
lysis (red), DNA replication, repair, and regulation (blue), lysogeny (teal), virion morphogenesis 
(purple), hypothetical (grey), tRNA (green), moron (pink), Rho-independent terminator (light 
blue). JC1 has a GC content of 65%. Image created using Geneious Prime. 
 

 

Figure 3-5: Percent identity of Bcep22-like podoviruses and Ralstonia phage. Multiple sequence 
alignment was performed using MAFFT. Identical nucleotides between each genome are 
represented in greyscale and percent. 
 



 79 

Though ~40% of the JC1 genome is dissimilar to the other Bcep22-like phages, and 

~55% of the Ralstonia phage Gervaise differs from each Bcep22-like podovirus, the retained 

synteny between the phage genomes is apparent (Figure 3-6). Each phage encodes a putative 

serine or tyrosine recombinase on the reverse strand, a repressor-like gene, as well as a serine 

tRNA. Their entire, or almost entire, virion morphogenesis and lysis modules are encoded on the 

positive strands. Each phage encodes 3–4 tail fiber proteins followed by a conserved protein 

annotated as the head closure protein in Ralstonia phages. Additionally, all 6 of the genomes 

encode a massive DarB-like protein on the positive strand followed by two hypothetical proteins 

on the negative strand and the lysis module. Bcep22 and DC1 have the highest G + C content of 

the Lessieviruses at 66.2% while BcepIL02, BcepMigl, and JC1 have a lower G + C content 

around 65%, below that of B. cenocepacia, which possesses a 66.9% G + C content 123. 

Noticeably, JC1, Bcep22, and BcepMigl all lack the presence of the PagP-like virulence factor 

found in BcepIL02 and DC1 332,333. Similarly to Bcep22 and BcepIL02, JC1 appears to be a 

circularly permuted phage, and the genome was set to begin after the predicted lysis module 332. 

 

Figure 3-6: Clinker gene cluster comparison of Bcep22-like phages and Ralstonia phage 
Gervaise. Comparison of whole genomes for Burkholderia phage JC1 against the four other 
Lessievirus phages DC1, BcepIL02, Bcep22, and BcepMigl and related Ralstonia phage 
Gervaise. Percent amino acid identity is represented by greyscale links between genomes. 
Homologous proteins are assigned a unique color. 
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There are 76 predicted protein-coding genes and one predicted serine tRNA gene (Table 

3-5, Figure 3-4). The predicted gene products have 12 GTG start codons and 64 ATG start 

codons. There are 50 TGA stop codons, with the remainder being 21 TAA codons and 5 TAG 

codons. BLASTp analysis of the 76 predicted proteins identified significant matches for every 

predicted gene product in the genome (Table 3-5, Figure 3-4). Predicted proteins gp4, gp16, 

gp17, gp33, gp34, gp37, gp39, gp42, and gp66 had no significant hits to the viruses database, but 

had hits to the bacterial database, all of which had very high percent identity to B. multivorans 

strains AU34603 (JAHPNN010000013.1), AU36904 (JAHPNA010000002.1), AU9032 

(JAHPOS010000011.1), and AU11550 (JAHPOP010000012.1). Upon further analysis of these 

incomplete genomes, it appears that a potential 6th member of this podovirus group exists stably 

integrated into all four of these strains, though functionality of the prophage is unknown. It is 

important to note some base pair differences exist between the 4 lysogens that likely arose over 

time from integration in different strains. This prophage harbours around 96.4% similarity to JC1 

and has all the genomic similarities discussed above with the other Bcep22-like phages.  

Table 3-5: Bacteriophage genome annotations for JC1 obtained from BLASTp data. 
Gene Start End Strand Length 

(aa) 
Putative 
Function BLASTp Hit Species Coverage 

(%) E-Value Identity 
(%) Accession 

1 1660 5 – 551 aa serine 
recombinase 

serine recombinase-
like protein 

Burkholderia 
phage Bcep22 100 0 70.29 NP_944235.

2 

2 2081 1794 – 95 aa hypothetical 
protein 

hypothetical protein 
Bcep22_gp07 

Burkholderia 
phage Bcep22 72 2 × 10-27 65.22 YP_0091737

69.1 

3 2493 2146 – 115 aa hypothetical 
protein 

hypothetical protein 
Bcep22_gp09 

Burkholderia 
phage Bcep22 98 2 × 10-21 40.35 NP_944237.

1 

4 2867 2490 – 125 aa hypothetical 
protein hypothetical protein Burkholderia 

multivorans 100 3 × 10-84 96.80 WP_217093
966.1 

5 3895 2864 – 343 aa RecT-like protein RecT-like protein Burkholderia 
phage Bcep22 100 1 × 10-

178 74.16 NP_944238.
1 

6 4976 3945 – 343 aa nuclease/RecB-
like protein 

nuclease/RecB-like 
protein 

Burkholderia 
phage 

Bcepmigl 
98 0 84.32 YP_0072367

53.1 

7 5697 5104 – 197 aa repressor transcriptional 
regulator 

Burkholderia 
phage 

Bcepmigl 
100 7 × 10-81 59.90 YP_0072367

54.1 

8 5821 6165 + 114 aa transcriptional 
regulator 

transcriptional 
regulator 

Burkholderia 
phage DC1 78 8 × 10-38 66.29 YP_0065899

39.1 

9 6335 6685 + 116 aa hypothetical 
protein 

hypothetical protein 
G167_gp75 

Burkholderia 
phage 

Bcepmigl 
96 4 × 10-67 87.50 YP_0072367

56.1 
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10 6737 7546 + 269 aa virion-associated 
protein a 

hypothetical protein 
BcepIL02_gp11 

Burkholderia 
phage 

Bcepil02 
99 2 × 10-

143 73.98 YP_0029226
83.1 

11 7642 8142 + 166 aa 
single stranded 
DNA binding 

protein 

single stranded DNA 
binding protein 

Burkholderia 
phage DC1 100 4 × 10-82 81.33 YP_0065899

43.1 

12 8151 8369 + 72 aa hypothetical 
protein 

hypothetical protein 
B862_gp69 

Burkholderia 
phage DC1 100 3 × 10-40 88.89 YP_0065899

44.1 

13 8366 8842 + 158 aa hypothetical 
protein 

hypothetical protein 
UAM5_00057 

Ralstonia 
phage UAM5 99 2 × 10-68 65.61 CAH053217

4.1 

14 8839 9201 + 120 aa hypothetical 
protein 

hypothetical protein 
KMC44_gp61 

Ralstonia 
phage 

Cimandef 
98 1 × 10-59 70.87 YP_0100782

17.1 

15 9352 9807 + 151 aa hypothetical 
protein 

hypothetical protein 
B862_gp66 

Burkholderia 
phage DC1 84 7 × 10-68 85.94 YP_0065899

47.1 

16 10,127 9801 – 108 aa hypothetical 
protein hypothetical protein Burkholderia 

multivorans 100 2 × 10-75 100 WP_217093
979.1 

17 10,389 10,132 – 85 aa hypothetical 
protein hypothetical protein Burkholderia 

multivorans 100 2 × 10-53 100 WP_217093
980.1 

18 10,744 10,974 + 76 aa hypothetical 
protein 

hypothetical protein 
B862_gp65 

Burkholderia 
phage DC1 100 3 × 10-39 84.21 YP_0065899

48.1 

19 10,971 11,357 + 128 aa helicase TPA: MAG TPA: 
hypothetical protein 

Siphoviridae 
sp. 61 6 × 10-18 44.30 DAT31939.1 

20 11,354 12,178 + 274 aa eplication initiator 
protein replication protein 

Burkholderia 
phage 

Bcepmigl 
39 2 × 10-48 76.85 YP_0072367

68.1 

21 12,175 12,975 + 266 aa DnaC-like protein DnaC-like protein 
Burkholderia 

phage 
Bcepil02 

99 4 × 10-

150 76.60 YP_0029226
93.1 

22 13,057 13,182 + 41 aa hypothetical 
protein 

hypothetical protein 
G167_gp61 

Burkholderia 
phage 

Bcepmigl 
100 1 × 10-9 56.10 YP_0072367

70.1 

23 13,337 13,765 + 142 aa hypothetical 
protein 

hypothetical protein 
B862_gp60 

Burkholderia 
phage DC1 98 5 × 10-51 60.28 YP_0065899

53.1 

24 13,771 14,106 + 111 aa hypothetical 
protein 

hypothetical protein 
BcepIL02_gp24 

Burkholderia 
phage 

Bcepil02 
85 1 × 10-16 43.75 YP_0029226

96.1 

25 14,166 14,609 + 147 aa hypothetical 
protein 

TPA: MAG TPA_asm: 
hypothetical protein Myoviridae sp. 95 7 × 10-44 49.29 DAL29776.1 

26 14,652 15,041 + 129 aa hypothetical 
protein 

TPA: MAG TPA: 
hypothetical protein Myoviridae sp. 95 1 × 10-9 34.35 DAP81611.1

.1 

27 15,044 15,325 + 93 aa hypothetical 
protein 

hypothetical protein 
B862_gp58 

Burkholderia 
phage DC1 100 3 × 10-40 70.83 YP_0065899

55.1 

28 15,364 16,602 + 412 aa hypothetical 
protein 

hypothetical protein 
Bcep22_gp31 

Burkholderia 
phage Bcep22 100 6 × 10-

156 62.42 NP_944260.
2 

29 17,017 16,658 – 119 aa hypothetical 
protein 

hypothetical protein 
KMC50_gp40 

Ralstonia 
phage 

Claudette 
85 2 × 10-25 49.02 YP_0100786

30.1 

30 17,210 18,010 + 266 aa terminase small 
subunit 

terminase small 
subunit 

Burkholderia 
phage DC1 93 8 × 10-

161 83.53 YP_0065899
58.1 

31 18,090 18,338 + 82 aa hypothetical 
protein 

hypothetical protein 
B862_gp53 

Burkholderia 
phage DC1 92 2 × 10-39 82.89 YP_0065899

60.1 

32 18,389 18,517 + 42 aa hypothetical 
protein 

hypothetical protein 
B862_gp49 

Burkholderia 
phage DC1 97 2 × 10-17 87.80 YP_0065899

64.1 

33 18,562 18,840 + 92 aa hypothetical 
protein hypothetical protein Burkholderia 

multivorans 100 1 × 10-59 97.83 WP_217093
993.1 

34 18,872 19,066 + 64 aa hypothetical 
protein hypothetical protein Burkholderia 

multivorans 100 9 × 10-36 96.88 WP_217093
994.1 

35 19,059 20,366 + 435 aa hypothetical 
protein 

hypothetical protein 
phiE131_040 

Burkholderia 
phage phiE131 47 9 × 10-23 41.40 AYJ74306.1 
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36 20,356 20,766 + 136 aa hypothetical 
protein 

hypothetical protein 
HOT12_gp34 

Burkholderia 
phage 

vB_BmuP_KL
4 

84 5 × 10-32 68.10 YP_0098007
23.1 

37 20,851 21,033 + 60 aa hypothetical 
protein hypothetical protein Burkholderia 

multivorans 100 8 × 10-33 100 WP_217093
996.1 

38 21,030 21,416 + 128 aa hypothetical 
protein 

TPA: MAG TPA: 
Protein of unknown 
function (DUF2591) 

Caudovirales 
sp. 99 2 × 10-13 36.76 DAH87964.

1 

39 21,413 21,700 + 95 aa hypothetical 
protein hypothetical protein Burkholderia 

multivorans 100 9 × 10-63 100 WP_217093
998.1 

40 21,697 22,035 + 112 aa hypothetical 
protein 

hypothetical protein 
Bcep22_gp48 

Burkholderia 
phage Bcep22 99 2 × 10-65 85.59 NP_944277.

1 

41 22,172 22,582 + 136 aa 
DUF2778 
domain-

containing protein 

TPA: MAG TPA: 
Protein of unknown 
function (DUF2778) 

Myoviridae sp. 98 8 × 10-19 39.57 DAO56318.
1 

42 22,579 22,860 + 93 aa hypothetical 
protein hypothetical protein Burkholderia 

multivorans 100 7 × 10-57 98.92 WP_217094
000.1 

43 22,948 24,549 + 533 aa terminase large 
subunit terminase large subunit Burkholderia 

phage DC1 98 0 83.11 YP_0065899
71.1 

44 24,560 24,991 + 143 aa hypothetical 
protein 

hypothetical protein 
BcepIL02_gp45 

Burkholderia 
phage 

Bcepil02 
99 2 × 10-82 82.39 YP_0029227

17.1 

45 25,013 27,310 + 765 aa portal protein phage portal protein 
Burkholderia 

phage 
Bcepil02 

95 0 77.53 YP_0029227
18.1 

46 27,318 28,340 + 340 aa virion-associated 
proteina 

hypothetical protein 
Bcep22_gp52 

Burkholderia 
phage Bcep22 98 3 × 10-

110 57.82 NP_944281.
1 

47 28,367 28,561 + 64 aa carbon storage 
regulator 

carbon storage 
regulator 

Burkholderia 
phage DC1 100 1 × 10-30 89.06 YP_0065899

76.1 

48 28,660 29,754 + 364 aa major capsid 
protein major capsid protein 

Burkholderia 
phage 

Bcepmigl 
100 0 92.03 YP_0072367

97.1 

49 29,821 30,288 + 155 aa virion-associated 
protein 

virion associated 
protein 

Burkholderia 
phage 

Bcepmigl 
100 2 × 10-77 74.84 YP_0072367

98.1 

50 30,346 30,942 + 198 aa hypothetical 
protein 

hypothetical protein 
B862_gp33 

Burkholderia 
phage DC1 99 5 × 10-80 63.41 YP_0065899

80.1 

51 30,946 31,593 + 215 aa virion-associated 
protein a 

hypothetical protein 
B862_gp32 

Burkholderia 
phage DC1 100 7 × 10-

147 92.09 YP_0065899
81.1 

52 31,590 32,219 + 209 aa virion-associated 
protein a 

hypothetical protein 
G167_gp30 

Burkholderia 
phage 

Bcepmigl 
100 6 × 10-

117 77.14 YP_0072368
01.1 

53 32,229 32,648 + 139 aa virion-associated 
protein major capsid protein Burkholderia 

phage DC1 100 6 × 10-93 94.24 YP_0065899
83.1 

54 32,653 33,528 + 291 aa hypothetical 
protein 

hypothetical protein 
B862_gp29 

Burkholderia 
phage DC1 97 9 × 10-

147 74.39 YP_0065899
84.1 

55 33,510 33,788 + 92 aa virion-associated 
protein 

virion-associated 
phage protein 

Burkholderia 
phage 

Bcepil02 
100 2 × 10-53 90.22 YP_0029227

29.1 

56 33,790 34,740 + 316 aa tail fiber protein putative tail fiber 
protein 

Burkholderia 
phage 

Bcepil02 
100 4 × 10-

177 76.90 YP_0029227
30.1 

57 34,744 35,814 + 356 aa tail fiber protein putative tail fiber 
protein 

Burkholderia 
phage 

Bcepil02 
100 2 × 10-

145 64.54 YP_0029227
31.1 

58 35,811 36,323 + 170 aa hypothetical 
protein 

hypothetical protein 
BcepIL02_gp60 

Burkholderia 
phage 

Bcepil02 
98 7 × 10-39 45.29 YP_0029227

32.1 
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59 36,484 37,530 + 348 aa tail fiber protein 
TPA: MAG TPA: 

Endo N 
acetylneuraminidase 

Siphoviridae 
sp. 59 9 × 10-84 63.59 DAM52127.

1 

60 37,532 38,221 + 229 aa hypothetical 
protein hypothetical protein Pseudomonas 

phage Dolphis 100 6 × 10-18 44.92 QNJ57341.1 

61 38,276 40,018 + 580 aa head closure 
protein 

virion-associated 
phage protein 

Burkholderia 
phage 

Bcepil02 
100 0 90.00 YP_0029227

35.1 

62 40,020 40,373 + 117 aa hypothetical 
protein a 

virion-associated 
phage protein 

Burkholderia 
phage 

Bcepil02 
97 2 × 10-62 86.09 YP_0029227

36.1 

63 40,424 40,864 + 146 aa acetyltransferase acetyltransferase Burkholderia 
phage DC1 97 6 × 10-92 89.51 YP_0065899

93.1 

64 40,857 41,855 + 332 aa virion-associated 
protein a 

hypothetical protein 
B862_gp19 

Burkholderia 
phage DC1 100 0 91.27 YP_0065899

94.1 

65 41,867 42,589 + 240 aa 
phosphoadenosine 

phosphosulfate 
reductase 

phosphoadenosine 
phosphosulfate 

reductase 

Burkholderia 
phage DC1 100 2 × 10-

167 94.17 YP_0065899
95.1 

66 42,589 42,888 + 99 aa hypothetical 
protein hypothetical protein Burkholderia 

multivorans 100 2 × 10-59 100 WP_217094
022.1 

67 42,905 43,495 + 196 aa virion-associated 
protein 

virion-associated 
phage protein 

Burkholderia 
phage 

Bcepil02 
30 1 × 10-4 49.21 YP_0029227

40.1 

68 43,506 45,038 + 510 aa virion-associated 
protein a 

hypothetical protein 
B862_gp17 

Burkholderia 
phage DC1 100 0 80.30 YP_0065899

96.1 

69 45,123 58,670 + 4515 aa 
DarB-like 

antirestriction 
protein 

DarB-like 
antirestriction protein 

Burkholderia 
phage Bcep22 100 0 79.33 NP_944303.

1 

70 58,940 58,701 – 79 aa hypothetical 
protein 

hypothetical protein 
BcepIL02_gp71 

Burkholderia 
phage 

Bcepil02 
97 1 × 10-46 89.61 YP_0029227

43.1 

71 59,287 58,991 – 98 aa hypothetical 
protein 

hypothetical protein 
G167_gp14 

Burkholderia 
phage 

Bcepmigl 
100 2 × 10-41 67.35 YP_0072368

17.1 

72 59,443 59,790 + 115 aa LydA-like holin LydA-like holin 
uncultured 

Caudovirales 
phage 

82 4 × 10-27 54.74 CAB412154
8.1 

73 59,787 60,059 + 90 aa holin holin 

Burkholderia 
phage 

vB_BceS_AH
2 

91 6 × 10-32 68.29 YP_0065611
27.1 

74 60,056 60,634 + 192 aa lysozyme hypothetical protein 
AXJ08_gp22 

Rhodoferax 
phage P26218 94 7 × 10-57 49.45 YP_0092225

72.1 

75 60,631 61,140 + 169 aa Rz Rz-like phage lysis 
protein 

Burkholderia 
phage Bcep22 95 7 × 10-65 66.27 NP_944308.

1 

76 60,866 61,087 + 73 aa Rz1 Rz1 Burkholderia 
phage DC1 100 9 × 10-16 83.56 YP_0065900

03.1 
a Putative function determined by mass spectrometry analysis. 
 

Rho-independent termination sites were predicted using ARNold 336–338. The 8 predicted 

sites are displayed in Table 3-6 and are located downstream of gp2 (hypothetical protein) and 

downstream of the serine tRNA, upstream of gp17 (hypothetical protein), downstream of gp22 

(hypothetical protein), one within the coding region in the opposite direction of gp24 
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(hypothetical protein), two within the coding region in the opposite direction of gp69 (DarB-like 

antirestriction protein), and one immediately downstream of the lysis module (gp72-76). 

Table 3-6: Predicted Rho-independent terminators in JC1. 
Start Program Strand Sequence −ΔG 
1753 Both – ATCGACTCCAACGGCACCCTCGCGGTGCCGTTTTTATTGCCC −13.20 
6258 Rnamotif + CCAGCTGTTGAGCCTCCCGTTTCAGGGAGGCTTTTTGCCCGTA −15.70 

10,407 Rnamotif – AGAGCGTCGTCGGCGGCCCGCACGGCCGCCaTTTTTTTCGATC −16.00 
13,228 Rnamotif + GGCGACTTTGGTGGGCGGCTCGTACAGCGCCCGTTTTTTTTCACC −9.60 
13,893 Rnamotif – CCGATGCGCACCGGCCGGATGTGGCTGATCCGGTTGTTGTATTCGCGG −10.50 
47,347 Rnamotif – TCGGCCGACACCTTGCGGCGCTCGGCCGTGAGcaTCTTGTTCCAGC −12.10 
51,986 Rnamotif – CCTCCTGAATCGCGCGCCAGATGGCGCGCTTCTGGTTCGGG −15.60 
61,154 Both + GGCTGAGACTTCCCCGGCGCGAGCCGGGGTTTTTTATGCCG −16.40 

Rho-independent terminators were identified using the ARNold 336–338 program and putative 
terminators with a ΔG value of −9 kcal/mol or less were retained. DNA predicted to form the 
loop in the RNA is in red, and DNA predicted to encode an RNA stem is blue. 
 
DNA Replication, Repair, and Regulation Module 

JC1 has at least 7 proteins involved in DNA replication, repair, and regulation spanning 

genes 5 through 21 (Table 3-5, Figure 3-4). Putative functions determined via BLASTp include 

RecT/RecB (gp 5/6), which may aid in phage recombination events, a transcriptional regulator 

(gp8), a single stranded DNA binding protein (gp11), a helicase (gp19), a replication initiator 

protein (gp20), and a DnaC-like helicase loader (gp21) (Table 3-5, Figure 3-4). An interesting 

hypothetical protein in this module is gp18, which is present in each Bcep22-like phage at the 

beginning of the gene cluster containing the replication initiator protein and the DnaC-like 

helicase loading protein. This protein has a predicted helix-turn-helix domain and likely binds to 

DNA (Table 3-7); though its function is unknown, the conserved sequence location and high 

percent identity (>77% to each homolog) suggests it may have an important role in DNA 

replication. 

Table 3-7: The conserved domains found in the 76 gene products of JC1. 
Gp Hit Type PSSM-ID Interval E-Value Accession Short Name Superfamily 
1 specific 238206 9–159 1.68 × 10−24 cd00338 Ser_Recombinase cl02788 
5 superfamily 413988 31–245 2.47 × 10−48 cl04285 RecT superfamily - 
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6 superfamily 415607 14–168 6.92 × 10−17 cl09232 YqaJ superfamily - 
7 specific 238045 11–63 1.31 × 10−5 cd00093 HTH_XRE cl22854 
10 superfamily 413281 20–268 2.41 × 10−72 cl02338 DUF2303 superfamily - 
14 superfamily 377777 34–98 6.08 × 10−8 cl06229 DUF1364 superfamily - 
18 specific 404897 5–74 3.76 × 10−19 pfam14090 HTH_39 cl16606 
19 specific 214947 15–88 3.71 × 10−19 smart00974 T5orf172 cl15257 
20 superfamily 237940 106–141 2.12 × 10−3 cl36477 PRK15313 superfamily - 
21 superfamily 422963 72–263 1.95 × 10−39 cl38936 P-loop_NTPase superfamily - 
30 specific 397583 19–236 7.93 × 10−24 pfam03592 Terminase_2 cl01513 
38 superfamily 416328 2–120 1.32 × 10−21 cl11584 DUF2591 superfamily - 
40 superfamily 404162 3–86 7.90 × 10−21 cl16173 DUF4031 superfamily - 
41 specific 402478 1–125 6.70 × 10−48 pfam10908 DUF2778 cl12489 
43 superfamily 222858 51–252 3.53 × 10−09 cl28557 17 superfamily - 
45 superfamily 293119 57–616 9.79 × 10−10 cl24922 P22_portal superfamily - 
45 superfamily 135173 668–765 8.02 × 10−5 cl31366 PRK04654 superfamily - 
47 specific 396934 1–44 7.10 × 10−8 pfam02599 CsrA cl00670 
48 specific 404189 39–358 8.21 × 10−100 pfam13252 DUF4043 cl22542 
53 superfamily 412204 29–130 4.16 × 10−3 cl00184 CAS_like superfamily - 
57 specific 404724 255–306 3.00 × 10−13 pfam13884 Peptidase_S74 cl16452 
59 specific 404724 248–304 2.58 × 10−12 pfam13884 Peptidase_S74 cl16452 
63 specific 224584 9–134 6.86 × 10−4 COG1670 RimL cl34333 
65 specific 238846 10–181 5.36 × 10−24 cd01713 PAPS_reductase cl00292 
68 superfamily 180240 299–400 9.02 × 10−7 cl32090 PRK05759 superfamily - 
69 superfamily 226993 1810–2677 6.59 × 10−99 cl18793 COG4646 superfamily  
69 specific 408627 4195–4401 1.56 × 10−36 pfam18857 LPD38 cl40138 
69 specific 408569 3170–3270 9.95 × 10−19 pfam18798 LPD3 cl40093 
69 specific 381594 80–192 7.10 × 10−14 cd00254 LT-like cl00222 
69 specific 223897 1537–1783 3.77 × 10−11 COG0827 YtxK cl28092 
69 superfamily 237171 1358–1500 3.31 × 10−7 cl36163 PRK12678 superfamily - 
69 superfamily 223627 2412–2868 2.48 × 10−5 cl33945 HepA superfamily - 
69 superfamily 235334 1071–1287 1.59 × 10−3 cl35279 PRK05035 superfamily - 
72 specific 406481 24–103 3.77 × 10−16 pfam16083 Phage_holin_3_3 cl24062 
74 superfamily 226439 2–186 2.17 × 10−28 cl34694 ZliS superfamily - 
75 superfamily 419854 54–163 2.39 × 10−10 cl22701 Phage_lysis superfamily - 

 

JC1 follows a trend observed in Gram-negative phages where the recombination genes 

(gp5/6) are located between the repressor and the integrase genes (gp1/gp7) 339. Interestingly, 

unlike Bcep22, BcepIL02, DC1, and BcepMigl, JC1 encodes a putative helicase protein (gp19) 

predicted both by BLASTp and conserved domain search results (Table 3-5, Table 3-7). 

Furthermore, it does not follow the typical organization of an initiator-helicase loader-helicase 

(ILH-type) replication module seen in other phage, where the helicase protein is downstream of 
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the replication initiator protein and the helicase loading protein 339. Instead, the helicase protein 

is encoded upstream of the initiator protein, making it a helicase-initiator-helicase loader (HIL) 

replication module. This organization is also seen in the B. multivorans prophage discussed 

above, but whether this is a common module organization or unique to these phages is unknown 

and requires an in-depth evaluation of other phage genomes. 

Virion Morphogenesis Module 

The virion morphogenesis module takes up over half of the genome, is composed of at 

least 19 predicted proteins spanning from gp30 to gp69 and is encoded entirely on the positive 

strand (Figure 3-4). BLASTp, conserved domain search, and homology to other phages were 

used to putatively assign functions for these proteins and include a small and large terminase 

subunit (gp30 and gp43, respectively), a portal protein (gp45), a major capsid protein (gp48), 

three virion associated proteins (gp49, gp53, gp55, and gp67), three tail fiber proteins (gp56, 

gp57, gp59), a head closure protein (gp61), and a DarB-like antirestriction protein (gp69) (Table 

3-5, Table 3-7). The end of this module is marked by two hypothetical genes on the reverse 

strand, and as discussed above, are highly conserved among the Bcep22-like phages. 

Similar to Bcep22 and BcepIl02, the terminase small subunit is located a significant distance 

away from the terminase large subunit, contrasting what is seen in lambdoid phage and many 

other Bcc phage genomes 340–346. BcepB1A is a Myoviridae phage that displays a degree of 

mosaicism to the Lessievirus phages and exhibits the larger distance between the two terminase 

subunits 347, suggesting this organization is not distinct to Lessieviruses. Conclusive with 

comparisons done by Gill et al. (2011), the terminase large subunit in JC1 is also related to the 

terL homologs in Pseudomonas aeruginosa phage F116 (YP_164303.1) and Sinorhizobium 

phage PBC5 (YP_010115347.1), and the putative portal protein, major capsid protein, and head 
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closure protein all have homology to E. coli phage 933W (NP_049512.1, NP_049514.1, 

NP_049522.1). These genomic similarities paired with JC1 being a terminally redundant 

circularly permuted genome suggests that phage in this group likely package their genomes via a 

headful mechanism. 

The DarB-like antirestriction protein takes up a massive portion of the virion 

morphogenesis module (32.7%) and 22.1% of the whole phage genome. This protein is most 

similar to the DarB homolog in Bcep22 (gp75) and is also commonly found in many Ralstonia 

phages. E. coli phage P1 requires virion-associated proteins DarA and DarB to protect P1 DNA 

from restriction by the host type I restriction system 348, and as discussed previously likely 

provide a significant benefit to the Bcep22-like phages given the extra burden the size of these 

genes impose 332. Interestingly, the P1 antirestriction system has been shown to require 

additional proteins, including DdrA, DdrB, Hdf, and Ulx 349. No homologs of any of these other 

proteins have been identified in the Lessieviruses thus far, however there are a significant 

number of virion-associated proteins with no known function and therefore it is likely homologs 

of these genes exist. 

Lysis Module 

The lysis module is a collection of 5 genes (gp72–gp76); surprising given the lysis 

modules of the other four phages contain the typical SRRzRz1 lysis organization 332,333,350. The 

module begins with two predicted holin genes and a lysozyme (gp72–gp74). The LydA-like 

holin (gp72) has a conserved Phage_holin_3_3 domain, and TMHMM predicts the protein to 

have two transmembrane domains, classifying it as a superfamily III, family 34 holin 351. The 

stop codon of gp72 overlaps with the start codon of gp73, similar to how lydA and lydB are 

organized in coliphage P1 352. However, unlike P1 LydB, gp73 is predicted to have two 
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transmembrane domains. This is unusual as antiholins of class I and II holins typically display a 

dual-start motif or have been seen to be coded completely within the holin gene 353,354. With that 

said, many Streptococcus phage encode a class I and class II holin (respectively) upstream of an 

endolysin, and it is likely the second holin gene acts as an antiholin 355. The third gene in this 

module is a predicted lysozyme (gp74) with a conserved ZliS superfamily domain. These 

enzymes hydrolyze the β1,4-glycosidic bond in peptidoglycan, and gp72–gp74 are found in a 

similar organization as some Type X Secretion Systems (TXSS): two holins preceding a ZliS 

superfamily muramidase 167,356. 

The top BLASTp hits for gp72–gp74 do not involve any Burkholderia Podoviridae 

phages. The LydA-like holin (gp72) is homologous to uncultured Caudovirales phages, and 

Siphoviridae phages from Nitratiruptor, Psychrobacter, and Moraxella species. Similarly, the 

second holin gene (gp73) is most related to Siphoviridae phage AH2 and Myoviridae phage 

PE067. Continuing the trend, the top BLASTp hit for the lysozyme (gp74) is to a Rhodoferax 

podovirus, and the rest of the top hits are to Siphoviridae phages. The overall identity is on the 

lower end, ranging between 50–65% over 80 to 95% of the query, and the evolutionary origin of 

these three genes is unknown. 

The lysis module of JC1 is homologous to the two spanin subunits found in all the other 

Lessievirus phages. The Rz and Rz1 proteins (gp75 and gp76, respectively) also belong to the 

embedded class of Rz1 genes, where the entire coding sequence of Rz1 is found within the 

coding sequence of Rz 332,350. Rz (gp75) is predicted to have an N-terminal transmembrane 

domain (TMD) and SignalP analysis of Rz1 (gp76) predicts a lipoprotein signal peptide 

(Sec/SPII) with a cleavage site between amino acids 19 and 20, resulting in a final processed 

protein of 54 amino acids 322,323. 
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The lysis module of JC1 differs in the mode of lysis from the rest of the phages in the 

Lessieviruses genus, an interesting feature considering how similar the genomes are to one 

another. The other Lessieviruses likely lyse cells using pinholins and SAR endolysins 332, while 

JC1 likely lyses cells using the canonical holin mechanism. Though Lynch et al. 333 has predicted 

gp68 in DC1 (homolog of gp70 in JC1) to be a putative antiholin based on the TMHMM 

prediction of a single transmembrane domain (also predicted in all the Lessieviruses 

homologues), it is likely this protein plays a different role after analysis of the JC1 lysis module. 

It has been suggested that pinholins are an intermediate stage in the evolution of holin-endolysin 

systems, with the canonical holins having a selective advantage 357. Therefore, this mechanistic 

difference in lysis may potentially play a role in the larger host range exhibited by JC1, but 

further studies are needed to examine the lysis potential of these modules. 

Moron Genes 

The genome of JC1 harbours three interesting moron genes, a carbon storage regulator 

(CsrA), an N-acetyltransferase, and a phosphoadenosine phosphosulfate (PAPS) reductase (gp47, 

gp63, and gp65, respectively). All three of these genes are present in the Lessieviruses, in similar 

locations and with high percent identity between homologues. CsrA has been associated with a 

massive array of functions in bacteria, including but not limited to carbon metabolism, virulence, 

motility, and biofilm formation 358. Gp63 has a conserved RimL domain, involved in acetylating 

the ribosomal L12 protein 359. N-acetyltransferases have been proposed to be evolutionary 

precursors of the eukaryotic histone acetyltransferases 360, and therefore the N-acetyltransferase 

encoded by JC1 may play a role in modifying gene regulation. PAPS reductases are a class of 

sulfonucleotide reductases (SRs) that are involved in catalyzing the reduction of adenylated 

sulfate to sulfite, a crucial step in the cysteine biosynthesis pathway 361. PAPS reductases are 
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found in pathogenic bacteria such as E. coli, Salmonella typhimurium, and Yersinia pestis and 

are not found in humans, making this class of protein interesting as potential targets for 

therapeutic intervention 361. The JC1 PAPS reductase (gp65) likely plays a role in sulfate 

reduction and could play a role in increasing the pathogenicity of its host. Further experiments 

are needed to investigate the functions these moron genes play in the infection cycle of JC1 and 

the other Lessieviruses. 

Analysis of JC1 Structural Proteins 

We performed proteomic analysis on CsCl purified virions to identify any unknown 

virion-associated proteins and confirm predicted virion-associated proteins. Proteins determined 

to be virion-associated are listed in Table 3-8 and include the portal protein (gp45), the carbon 

storage regulator (CsrA) (gp47), the major capsid protein (gp48), the head closure protein 

(gp61), four virion-associated proteins (gp49, gp53, gp55, and gp67), six hypothetical proteins 

(gp10, gp46, gp51, gp52, gp64, and gp68), and the DarB-like antirestriction protein (gp69). As 

expected, the most abundant protein identified was the major capsid protein. The six hypothetical 

proteins have been assigned putative functions as virion-associated proteins in Table 3-5, though 

their functions beyond that are unknown. 

Table 3-8: Proteins determined to be virion-associated by proteomic analysis of CsCl-purified JC1 
virions. 

Protein Score Coverage Unique Peptides (#) Putative Function 
gp48 298.44 56.04 27 Major capsid protein 
gp69 88.92 15.61 51 DarB-like antirestriction protein 
gp49 82.92 50.32 6 Virion-associated protein 
gp64 45.94 45.18 9 Hypothetical protein 
gp53 30.63 58.99 5 Virion-associated protein 
gp68 27.46 17.06 9 Hypothetical Protein 
gp45 25.85 22.22 14 Portal protein 
gp56 22.88 41.14 7 Tail fiber protein 
gp52 19.47 46.41 8 Hypothetical protein 
gp61 16.01 11.21 6 Virion-associated phage protein 
gp10 13.4 21.56 5 Hypothetical protein 
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gp55 13.16 48.91 4 Virion-associated phage protein 
gp51 12.97 25.58 5 Hypothetical protein 
gp67 9.35 42.86 7 Virion-associated phage protein 
gp46 4.14 13.82 4 Hypothetical protein 
gp47 2.61 18.75 1 Carbon storage regulator 

 

Interestingly, gp62 did not show up in the mass spectrometry data even though it is 

predicted to be virion associated. Mass spectrometry analysis done by Gill et al. (2011) did not 

identify gp68 in Bcep22 (a homolog of JC1 gp62) as virion-associated, but it was predicted to be 

virion-associated because the homolog was identified in BcepIl02 (gp64). Given that this protein 

was not identified by mass spectrometry for Bcep22 or JC1, it seems likely that this protein is not 

virion-associated for these two phages. Reasoning for the exclusion of this protein in Bcep22 and 

JC1 is purely speculative but could be associated with the number of tail fiber genes each phage 

encodes, as BcepIL02 has 4 tail fiber genes whereas JC1 and Bcep22 have three. Mass 

spectrometry analysis would need to be conducted on DC1 and BcepMigl for further insights. 

The carbon storage regulator protein (CsrA) was identified by mass spectrometry, but only one 

unique peptide was associated with it, and therefore though it is likely to be virion associated it 

cannot be definitively confirmed. No proteins were identified when the spectrometry data was 

screened against the UniProt Burkholderia database, suggesting this protein is not a result of 

bacterial protein contamination. Inclusion of CsrA in the actual virion is an interesting and 

exciting possibility, showing that it is not only a moron gene, but is providing an unknown 

benefit to the phage. Further experiments are necessary to explore the role of CsrA in infection, 

and if it is virion-associated in the other Lessieviruses. 

An unexpected finding is that the hypothetical protein gp10 is virion associated. This 

protein has a conserved DUF2303 superfamily domain; homologs of this gene are in BcepIL02, 

BcepMigl, and DC1, but no homolog was found in Bcep22. The predicted structure of gp10 
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using Phyre2 shows similarity to a viral genome injection device from Lactococcus phage 

TP901-1 (90.4% confidence, 16% identity), a cytosolic disulfide reductase (DsbM) from 

Pseudomonas aeruginosa (49.3% confidence, 16% identity), and a Citrobacter restriction-

modification controller protein (38.4% confidence, 20% identity). Given that gp10 is located in 

the replication and repair module, it is possible that this protein is associating with the DNA and 

not the actual structure of the virion. Gp10 could be similar in function to gp2 in T4 coliphage, 

associating with the ends of the DNA and protecting it from exonuclease activity 362,363. 

Integration Site Characterization 

The presence of lysogeny genes gp1 and gp7 led us to examine the potential of JC1 to 

form lysogens in Van1. Phage infection survivors that were superinfection resistant and had the 

presence of the JC1 genome verified using PCR were collected for further examination. Of the 

four previously characterized Bcc Podoviridae phages, one is obligately lytic and the others form 

unstable lysogens in the bacterial hosts tested 332,333,340. Stability was tested and showed that 

lysogens maintained superinfection resistance and the presence of JC1 genome after three 

sequential platings, suggesting JC1 can stably lysogenize Van1. Genomic and plasmid DNA 

were isolated from four different JC1 lysogen isolates and wildtype Van1 and analyzed on an 

agarose gel. No significant differences were observed between the strains on the gels, suggesting 

JC1 likely is not taking the form of a phagemid (data not shown). 

To identify the Van1 genome location where JC1 is integrating, we used a protocol from 

Williams et al. (2013). We determined that JC1 integrates into the 5′ end of the conserved gene 

rimO using an 18 bp attP overlapping region with 1 bp difference in the attB site (Figure 3-7). 

RimO belongs to the methylthiotransferase (MTTase) family of proteins and is involved in β-

methylthiolation of residue D88 of the ribosomal S12 protein 364. To further support these 
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findings, the prophage found in the four B. multivorans genomes discussed in the genomic 

characterization section is also located directly next to rimO, with part of its integrase gene 

overlapping with rimO. Since JC1 integration disrupts the sequence of rimO so early into the 

coding region, loss of function seemed likely. However, with closer examination of the region an 

ATG is found 15 bp upstream of the attP site in the JC1 genome that allows RimO in Van1 to 

remain in frame while only changing 6 of the first 10 amino acids, and no change to the overall 

length of the protein (Figure 3-8). It is possible that the amino acid changes or the phage DNA 

upstream of the start site could affect the expression or function of RimO, but highly conserved 

amino acids identified in the N-terminal region among the MTTase family are not affected by 

JC1 integration 364, and we predict RimO likely remains functional. 

 

 
Figure 3-7: Sequence of JC1 attP overlap region in Burkholderia cenocepacia strain Van1. The 
18 bp overlapping sequence present in attL and attR of the JC1 prophage and in the chromosome 
of the phage (virion) is lowercase. JC1 attP site is located 41 bp upstream of gp1, a predicted 
serine recombinase. The 1 bp difference between the attB site is underlined. 

GTAGGGTTCGtatccctcggctgcccgaGAGATATCGG attL 
ATAGGTATAGtatccctcgggtgcccgaGAGATATCGG virion 
ATAGGTATAGtatccctcgggtgcccgaAAGCGCTCGT attR 
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Figure 3-8: RimO protein sequence of Van1 versus JC1 lysogen. Asterisk (*) represents 
identical amino acids; semicolon (:) represents strongly similar properties between amino acids; 
period (.) represents weakly similar properties between amino acids. 
 

Previous studies have found increased resistance when residues around D88 of the S12 

ribosomal protein are mutated 365, but similar to previous studies examining rimO knockout 

mutants 364,366, we saw no difference in streptomycin resistance between the JC1 lysogen and 

wildtype Van1 (data not shown). Since we do not know if or how activity of RimO is affected by 

JC1 integration, this data only confirms that resistance to streptomycin is not altered by JC1 

integration. This is the first account of stable integration identified for the Bcep22-like phages, 

and it is possible that other members of this phage group may integrate next to rimO in an 

appropriate host. As briefly noted above, Bcep22, BcepIL02, and DC1 have not had successful 

attempts to isolate stable lysogens in host strains B. cenocepacia PC184 and AU1054 332,333. This 

could be due to several reasons, including a non-functional recombinase or bacterial strain 
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incompatibility. Additionally, none of the other phages harbour the attP site that JC1 contains, 

and therefore their attP sites and integration locations may be different (or non-existent) than that 

of JC1. 

Virulence Index of JC1 

In addition to the qualitative observations done in this study we decided to provide a 

quantitative measure of JC1 virulence against its host strain. As mentioned by Storms et al. 

(2020), characterizing novel phage tends to focus on non-standardized methods when looking at 

phage virulence. Troubleshooting in the lab to get high titer JC1 stocks (~1010 PFU/mL) led us to 

discover JC1 propagates to a higher titer at 30 °C as opposed to 37 °C; an interesting discovery 

given the delay it takes for JC1 to form plaques at 30 °C as mentioned above. This discrepancy 

led us to look at the virulence index for JC1 at 30 °C and 37 °C (Figure 3-9). The most effective 

MOI at 30 °C was 1000, though a significant amount of outgrowth occurred at this MOI, leaving 

MOIs 100 and 10 being the most effective at the 48-h endpoint (Figure 3-9A). As expected, the 

least effective MOI at 30 °C was 0.001, almost matching the growth of the bacterial control. 

Surprisingly, the least effective MOI at 30 °C (MOI 0.001) reduces the most growth by the 48-h 

endpoint at 37 °C and the highest MOI of 1000 had the most outgrowth, almost reaching 

bacterial control levels at 48 h (Figure 3-9B). 
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Figure 3-9: Virulence of JC1 against Burkholderia cenocepacia Van1 at (A) 30 °C versus (B) 37 
°C. Kill curves were measured every hour for 48 h. (C) Virulence curves of JC1 at 30 °C and 37 
°C were calculated by dividing the area under the curve for each MOI by the area under the 
curve of the bacterial control and subtracting that from 1. A virulence index of 0 to 1 signifies a 
complete absence of virulence to a theoretical maximum virulence, respectively. All error bars 
represent the standard error of the mean (SEM). Data from three biological replicates is shown. 



 97 

Using the equations from Storms et al. (2020), the area under the curve for each MOI was 

calculated from time point 0 to the onset of stationary phase in the bacterial control. Time points 

0–40 h and 0–30 h were used to calculate the local virulence for each MOI (log MOI −3 to 3) at 

30 °C and 37 °C, respectively. JC1’s local virulence at each MOI for both temperatures were 

plotted (Figure 3-9C) and the global virulence index is 0.21 and 0.8 at 30 °C and 37 °C, 

respectively. JC1 activity against Van1 seems mostly unaffected by MOI at 37 °C, maintaining a 

virulence above 0.75 for every MOI tested. JC1’s global virulence index at 37 °C is more 

comparable to lytic E. coli phage T7 (0.84) than to lysogenic E. coli phage T5 (0.17) 367. It is 

important to note that a different range of MOIs were used to test these phages (log MOI −7 to 

0), and comparisons can only be made at similar MOIs. With that said, local virulence for T5 

does not begin to match the level of virulence seen with JC1 at 37 °C until an MOI of 1 367. 

These similarities are the opposite when we look at virulence for 30 °C, where the curve and 

global virulence index is less virulent than T5 at comparable MOIs 367. These results suggest that 

JC1 could be acting more lytic at 37 °C and more lysogenic at 30 °C. Furthermore, these results 

explain why JC1 reaches a higher titer when propagated at 30 °C, as a lower virulence is useful 

when propagating phage to high titer because the bacterial population is not reduced completely, 

and the phage have sufficient host cells to propagate on. 

The cause of this surprising discrepancy in virulence at different temperatures is 

unknown but could potentially be due to a temperature sensitive switch between lytic and 

lysogenic lifestyle similar to podophage ØBp-AMP1 368. However, no bacterial lysis is seen 

when overlays of the JC1 lysogen are incubated at 30 °C or 37 °C (data not shown), suggesting a 

temperature switch may not be the cause of this discrepancy in virulence. Furthermore, infection 

efficiency and lysogen stability are not affected by a change in temperature (data not shown), 
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though this does not rule out the chance JC1 lysogenizes at a higher rate at 30 °C. It is also 

possible that the difference in virulence is an effect of the bacterial growth rate, as Van1 grows 

slower but to an overall higher density at 30 °C, and grows faster but to an overall lower density 

at 37 °C. Further experiments are required to determine the cause of this shift in virulence seen at 

30 °C and 37 °C. 

Lysogenic Conversion 

One of the main reasons lytic phages are favoured for therapy is they cannot alter 

bacterial virulence with phage gene expression 369,370. Burkholderia phages tend not to encode 

recognizable toxins or virulence factors but are known to encode proteins that can contribute to 

overall fitness 371. Given the lack of obvious toxins/virulence factors, the significant number of 

hypothetical gene products with no predicted function, and the presence of moron genes involved 

in nutrient acquisition like csrA, an N-actyltransferase, and a PAPS reductase, we hypothesized 

JC1 may offer its host cell a growth advantage. 

Examining the growth of the lysogen verses wildtype Van1 in three different rich 

mediums showed a difference in growth between the two strains (Figure 3-10A–C). The lysogen 

exhibited moderately increased growth after 48 h in MH and TSB liquid medias while exhibiting 

a slight decrease in growth in LB liquid media. A statistically significant difference in growth 

was observed between the lysogen and wildtype Van1 at 15–18 and 23–48 h when grown in LB 

(p < 0.05), at 30–33 h when grown in MH (p < 0.05), and at 19–24 h when grown in TSB (p < 

0.05; p < 0.01; p < 0.001; p < 0.0001). To further examine the difference in growth we calculated 

the growth rate during log phase for each strain in each medium (Figure 3-10D–F); since the 

bacteria reach stationary phase at different time points in each media, the time points analyzed 

vary. A statistically significant difference in growth rate is observed between 25 and 30 h in MH 
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(p < 0.05), further supporting the increase in growth exhibited by the lysogen at this time interval 

(Figure 3-10B,E). Overall, growth rate is not substantially affected in LB or TSB media, which is 

clear in the similar shapes of the curves for each strain in each media (Figure 3-10A,C,D,F). The 

largest difference in growth in LB and TSB begins when the bacterial growth is beginning to 

slow, resulting in lower growth rates that are closer together, even though the actual bacterial 

density is significantly different from one another (Figure 3-10A,C,D,F). 

Figure 3-10: Growth comparison of Van1 versus Van1::JC1 lysogen. (A–C) Growth curve 
analysis of wildtype Van1 and Van1::JC1 lysogen in either Luria Bertani (LB), Muller Hinton 
(MH), or tryptic soy broth (TSB) liquid media. Overnight cultures were subcultured 1:100 in LB 
for 2 h and 45 min and further diluted 1:100 to a CFU/mL of approximately 1 × 106 in the 
desired medium and measured every hour for 48 h. (D–F) Growth rate of curves in (A–C) were 
calculated using growth rate equation log10N − log10N0 = (μ/2.303) (t − t0). Statistical analysis 
was performed using unpaired t-tests (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). 
All error bars represent the standard error of the mean (SEM). Data from three biological 
replicates is shown. 
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Lysogenic conversion is not well studied in Burkholderia species, and when done so 

typically examines change in virulence 344,369. Two significant reasons for the paucity of studies 

in this area are that many of the characterized Burkholderia phages have been isolated from 

lysogens and therefore lack a wildtype strain for comparison 290,341,346,371–374, and/or attempts to 

create stable lysogens in other strains were unsuccessful 332,333. A third reason is that most phage 

characterization studies are done with intent of using the phages for therapy and therefore favour 

the idea of removing lysogeny genes as opposed to studying lysogenic conversion 346,369. To our 

knowledge, growth rate differences have not been studied in any Burkholderia lysogens but have 

been observed in Stenotrophomonas maltophilia lysogenized by bacteriophage DLP3 375 and by 

ϕ24B integration in E. coli B strain MC1061 376. The differences observed between the growth of 

the Van1::JC1 lysogen and wildtype Van1 in each media demonstrates potential differences in 

energy utilization or nutrient acquisition. 

Conclusions 

Aside from encoding a repressor and an integrase, and being able to stably lysogenize its 

host bacterium, phage JC1 possesses several characteristics that would make it ideal for use in 

phage therapy. For one, JC1 has a considerably broad host range, being able to infect many 

member species of the Bcc. Phage JC1 also requires the inner core of the LPS for infection, so 

bacteria that mutate to evade infection by eliminating their O-antigen, outer core, and inner core 

will likely develop a fitness disadvantage, as observed in previously characterized LPS mutants 

that lack the inner core 145,146. Another favorable factor is the high level of virulence JC1 exhibits 

against host strain Van1 at 37 °C, which is comparable to virulence exhibited by lytic E. coli 

phage T7 at similar MOIs 367. If the decrease in virulence at 30 °C is caused by an increased rate 

of lysogeny, then deletion of the genes responsible for lysogeny should increase the virulence 
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index of JC1 at 30 °C and would make JC1 more suitable for use in therapy. Further experiments 

examining these potential alterations to make JC1 a suitable candidate for phage therapy against 

the Bcc will be an impactful contribution to the fight against AMR infections.  
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Projects In Progress 

Isolation and characterization of P2-like phage Carl1 

Assembly of the JC1 sequencing reads resulted in two complete contigs, one representing 

JC1 and one with very low coverage spanning 37,418 bp, now known as Carl1. The two phage 

were separated from each other by spotting multiple JC1 lysates previously prepared by Jamie 

Cole on B. cenocepacia strains C6433, K56-2, and Van1. Single plaques were isolated using a 

sterile Pasteur pipette and suspended in 500 µL of SM. Primers specific to the genomes of Carl1 

(CF: AGCAGCAACCTGAACATC, CR: GTCGTTGATGGGCTTCTG) and JC1 (2F: 

CTGCTTCTTCGATAGTGGTG, 2R: TCGGATTCCTCCTTCTCG) were used to PCR each 

isolated plaque until a plaque was identified that had a PCR band for only one phage. PCR was 

also performed on the genomes of each strain to check if JC1 or Carl1 existed as a stable 

prophage, but each genome resulted in a negative PCR.  

Annotation of Carl1 was performed using three different annotation software: 

GLIMMER using the Bacteria and Archaea setting 318, Prodigal 319, and GeneMarkS for phage 

320. Related phages were identified using BLASTn and predicted protein-coding genes and 

putative functions were identified using BLASTp. BLASTp was set to the Bacteria database 

(taxid:2) when no significant hits were found using the Viruses database (taxid:10239). Hits with 

an E-value of 1 × 10−3 or greater were not considered significant, and annotations were recorded 

as hypothetical. NCBI non-redundant protein sequence and nucleotide collection databases 

(update date: 8 May 2022) were used. Conserved domains were identified using Batch CD-

Search against the CDD v3.19 58235 PSSMs database with default settings 321. TMHMM 2.0 322, 

and SignalP 6.0 323, were used to analyze lysis proteins and predict lipoproteins, respectively. 

Aragorn (Galaxy Version 0.6) 324 was used to identify potential tRNA genes. Rho-independent 
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terminators were predicted using ARNold 336–338. Whole genome alignments and comparisons 

were done using clinker v1.32 328. The complete genome sequence of Carl1 was deposited in 

GenBank with the accession number ON642070. 

TEM analysis indicates Carl1 is a Myoviridae with an A1 Morphotype (Figure 4-1) 331. 

Carl1 has a capsid diameter of 61nm and a tail length of 121 nm. Carl1 was difficult to propagate 

to high titer and therefore the TEM image is low quality. Carl1 should be reimaged following 

CsCl purification of a high titer stock. The inner core of the LPS has preliminarily been 

identified as the receptor for Carl1 (Table 4-1), as it is unable to infect the same mutants as JC1 

377. Adsorption against Van1 treated with either periodate or proteinase K should be performed to 

confirm the LPS is the receptor.  

 

Figure 4-1: Transmission electron micrograph of Carl1. Lysate was stained with 4% uranyl 
acetate on a copper grid and viewed at 110,000× magnification with a transmission electron 
microscope. Measurements of 10 phage particles have an average capsid diameter of 61 nm and 
a tail length of 121 nm. Scale bars represent 50 nm. 
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Table 4-1: Carl1 receptor identification on B. cenocepacia K56-2 LPS mutants 

 
 

The genome is 37, 418 bp with a G+C content of 64.6% (Figure 4-2) and is predicted to 

encode 50 proteins (Table 4-2). Analysis of the reads mapped to the assembled genome reveals 

Carl1 possesses 74 bp 5’ phosphoryl-terminal cohesive ends. The cos site is located downstream 

of the integrase gene (gp50), and the genome was oriented based on coliphage P2 (NC_001895). 

Of these 50 predicted proteins, many of them harbour conserved domains (Table 4-3), with only 

17 being labelled hypothetical proteins with unknown function (Table 4-2). BLASTn analysis of 

Carl1 shows it has the most homology to Myoviridae phage KS5, a P2-like Burkholderia cepacia 

phage 346. Carl1, along with many other P2-like Burkholderia phages have retained a significant 

degree of synteny to E. coli phage P2 378,379 (Figure 4-3).  

 

Bacterial strain Phenotype Infection 
K56-2 Wildtype LPS + 
SAL1 K56-2 hldA:: pSL5, Lacks inner and outer core - 
CCB1 K56-2 waaC::pGPΩTp, Lacks inner and outer core - 
XOA8 K56-2 wabO::pGPΩTp, Lacks inner and outer core - 
XOA7 K56-2 waaL::pGPΩTp, Lacks outer core + 
XOA15 K56-2 wabR::pGPΩTp, Lacks outer core + 
XOA17 K56-2 wabS::pGPΩTp, Lacks outer core + 
RSF19 K56-2 wbxE:: pRF201, Lacks O-antigen + 
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Figure 4-2: Circularized genomic map of Carl1. Scale (in bp) is shown on the outer periphery 
Assigned putative functions for each of the 50 predicted open reading frames are as follows: 
lysis (red), DNA replication and repair (purple), virion morphogenesis (blue), hypothetical 
(grey), moron genes (light pink), cos sites (pink). No tRNA genes were identified. Scale (in bp) 
is shown on the outer periphery. Carl1 has a GC content of 64.6%. Image created with Geneious 
Prime 380. 
 
 
Table 4-2: Bacteriophage genome annotations for Carl1 obtained from BLASTp data. 

Gene Start End Strand Length 
(aa) 

Putative 
Function BLASTp Hit Species Coverage 

(%) E-Value Identity 
(%) Accession 

1 422 937 + 171 aa 
ImmA/IrrE family 

metallo-
endopeptidase 

hypothetical protein 
P2DC1_00041 

Peduovirus 
P2 85 2 × 10-29 42.21 CAG9593

845.1 

2 934 1449 + 171 aa hypothetical 
protein hypothetical protein Burkholderia 

multivorans 100 3 × 10-96 100 WP_15549
0662.1 

3 1653 2189 + 178 aa hypothetical 
protein 

PAAR domain-
containing protein 

Burkholderia 
phage Menos 99 1 x 10-72 73.18 YP_01010

9826.1 

4 2456 2935 + 159 aa hypothetical 
protein 

hypothetical protein 
CPT_Menos_046 

Burkholderia 
phage Menos 79 2 × 10-39 56.25 UNY4182

0.1 

5 2941 4089 + 382 aa hypothetical 
protein 

hypothetical protein 
CPT_Menos_047 

Burkholderia 
phage Menos 96 0 68.75 UNY4182

1.1 

6 4195 4494 + 99 aa hypothetical 
protein hypothetical protein 

Burkholderia 
cepacia 
complex 

89 2 x 10-46 100 WP_08100
0735.1 

7 5925 4873 – 350 aa portal protein (Q) portal protein Burkholderia 
phage KS5 100 0 97.71 YP_00430

6410.1 

8 7691 5925 – 588 aa terminase large 
subunit (P) 

terminase ATPase 
subunit family protein 

Burkholderia 
phage KS5 100 0 98.98 YP_00430

6409.1 

9 7841 8662 + 273 aa capsid scaffolding 
protein (O) 

GPO family capsid 
scaffolding protein 

Burkholderia 
phage KS5 100 0 99.63 YP_00430

6408.1 
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10 8699 9724 + 341 aa major capsid 
precursor (N) 

major capsid protein, P2 
family 

Burkholderia 
phage KS5 96 0 99.39 YP_00430

6407.1 

11 9721 10,407 + 228 aa terminase small 
subunit (M) 

terminase endonuclease 
subunit 

Burkholderia 
phage KS5 100 6 × 10-160 97.37 YP_00430

6406.1 

12 10,511 10,987 + 158 aa capsid completion 
protein (L) 

head 
completion/stabilization 

protein 

Burkholderia 
phage KS5 100 2 × 10-106 97.47 YP_00430

6405.1 

13 10,987 11,229 + 80 aa hypothetical 
protein gp37 Burkholderia 

phage KS5 100 7 × 10-29 96.25 YP_00430
6404.1 

14 11,229 11,441 + 70 aa baseplate protein 
(X) tail protein X Burkholderia 

phage KS5 100 4 × 10-42 98.57 YP_00430
6403.1 

15 11,477 11,818 + 113 aa LysA holin family protein Burkholderia 
phage KS5 100 2 × 10-70 97.35 YP_00430

6402.1 

16 11,818 12,138 + 106 aa holin (Y) holin family protein Burkholderia 
phage KS5 83 9 × 10-33 98.86 YP_00430

6401.1 

17 12,131 12,931 + 266 aa endolysin (K) 
N-acetylmuramidase 
domain-containing 

protein 

Burkholderia 
phage KS5 100 2 × 10-161 91.35 YP_00430

6400.1 

18 12,928 13,419 + 163 aa LysB gp32 Burkholderia 
phage KS5 100 7 × 10-77 94.48 YP_00430

6398.1 

19 13,178 13,372 + 64 aa LysC gp31 Burkholderia 
phage KS5 51 5 × 10-15 100 YP_00430

6399.1 

20 13,416 13,826 + 136 aa tail completion 
protein (R) tail protein Burkholderia 

phage KS5 100 7 × 10-94 96.32 YP_00430
6397.1 

21 13,826 14,275 + 149 aa tail completion 
protein (S) 

virion morphogenesis 
protein 

Burkholderia 
phage KS5 99 3 × 10-75 90.54 YP_00430

6396.1 

22 14,693 15,325 + 210 aa tail spike protein 
(V) 

baseplate assembly 
protein V 

Burkholderia 
phage KS5 100 4 × 10-149 99.05 YP_00430

6394.1 

23 15,322 15,699 + 125 aa baseplate protein 
(W) 

GPW/gp25 family 
protein 

Burkholderia 
phage KS5 92 1 × 10-63 97.30 YP_00430

6393.1 

24 15,696 16,601 + 301 aa baseplate wedge 
protein (J) 

baseplate J/gp47 family 
protein 

Burkholderia 
phage AP3 100 0 93.02 YP_00978

5114.1 

25 16,594 17,145 + 184 aa baseplate wedge 
protein (I) tail protein I Burkholderia 

phage KS5 100 1 × 10-119 91.30 YP_00430
6391.1 

26 17,151 18,761 + 536 aa tail fiber protein 
(H) tail fiber protein Burkholderia 

phage KS5 100 0 94.96 YP_00430
6390.1 

27 18,771 19,607 + 278 aa tail fiber assembly 
protein (G) 

tail fiber assembly 
protein 

Burkholderia 
phage KS5 92 4 × 10-175 90.70 YP_00430

6389.1 

28 19,956 19,654 - 101 aa hypothetical 
protein hypothetical protein Burkholderia 

multivorans 100 7 × 10-70 100 WP_22385
2571.1 

29 20,368 21,117 + 249 aa DNA methylase site-specific DNA-
methyltransferase 

Burkholderia 
phage KS5 100 5 × 10-179 96.79 YP_00430

6387.1 

30 21,229 22,401 + 390 aa tail sheath protein 
(FI) 

tail sheath protein Burkholderia 
phage KS5 100 0 98.21 YP_00430

6386.1 

31 22,431 22,940 + 169 aa tail tube protein 
(FII) major tail tube protein Burkholderia 

phage KS5 100 3 × 10-120 99.41 YP_00430
6385.1 

32 22,973 23,403 + 143 aa tail assembly 
chaperone (E+E’) gp17 Burkholderia 

phage KS5 100 4 × 10-95 97.90 YP_00430
6383.1 

33 22,973 23,284 + 103 aa tail assembly 
chaperone (E) tail assembly protein Burkholderia 

phage KS5 100 2 × 10-64 99.03 YP_00430
6384.1 

34 23,400 26,651 + 1083 aa tail tape measure 
protein (T) gp17  Burkholderia 

phage KS5 82 0 86.82 YP_00430
6382.1 

35 26,665 27,093 + 142 aa tail tube initiator 
(U) tail protein Burkholderia 

phage KS5 100 2 × 10-99 99.30 YP_00430
6381.1 

36 27,090 28,235 + 381 aa baseplate hub 
protein (D) 

late control D family 
protein 

Burkholderia 
phage KS5 99 0 98.68 YP_00430

6380.1 

37 28,773 28,321 – 150 aa hypothetical 
protein 

TPA: MAG TPA: 
hypothetical protein 

Myoviridae 
sp. 67 2 × 10-28 50.50 DAY6174

8.1 

38 29,572 28,826 – 248 aa alpha/beta 
hydrolase alpha/beta hydrolase Burkholderia 

phage KS5 97 5 × 10-86 64.61 YP_00430
6378.1 
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39 30,089 29,628 – 153 aa immunity 
repressor  

helix-turn-helix domain-
containing protein 

Tigrvirus 
phi52237 100 6 × 10-72 80.39 YP_29372

2.1 

40 30,122 30,409 + 95 aa hypothetical 
protein gp10 Burkholderia 

phage KS5 82 2 × 10-47 97.44 YP_00430
6376.1 

41 30,413 30,691 + 92 aa hypothetical 
protein gp9 Burkholderia 

phage KS5 100 6 × 10-62 100 YP_00430
6375.1 

42 30,701 30,949 + 82 aa transcriptional 
regulator (ogr) 

ogr/Delta-like zinc 
finger family protein 

Burkholderia 
phage KS5 100 1 × 10-47 89.02 YP_00430

6374.1 

43 31,040 31,234 + 64 aa hypothetical 
protein gp7 Burkholderia 

phage KS5 100 3 × 10-36 93.75 YP_00430
6373.1 

44 31,239 31,442 + 67 aa hypothetical 
protein gp6 Burkholderia 

phage KS5 100 2 × 10-37 98.51 YP_00430
6372.1 

45 31,486 31,680 + 64 aa hypothetical 
protein 

hypothetical protein 
KNV21_gp42 

Burkholderia 
phage Mana 100 6 × 10-24 81.25 YP_01010

9814.1 

46 31,685 32,044 + 119 aa hypothetical 
protein gp4 Burkholderia 

phage KS5 100 5 × 10-75 93.28 YP_00430
6370.1 

47 32,041 32,304 + 87 aa hypothetical 
protein gp3 Burkholderia 

phage KS5 87 4 × 10-33 92.11 YP_00430
6369.1 

48 32,307 35,099 + 930 aa primase toprim domain-
containing protein 

Burkholderia 
phage KS5 99 0 95.79 YP_00430

6368.1 

49 35,779 36,009 + 76 aa hypothetical 
protein 

DUF4224 domain-
containing protein 

Burkholderia 
phage KL3 96 5 × 10-35 82.19 YP_00430

6414.1 

50 36,009 37,037 + 342 aa tyrosine-type 
recombinase 

tyrosine-type 
recombinase/integrase 

Burkholderia 
phage KL3 100 0 96.78 YP_00430

6413.1 
 
 
Table 4-3: The conserved domains found in the 50 gene products of Carl1. 

Gp Hit type PSSM-ID Interval E-Value Accession Short name Superfamily 

1 superfamily 412729 42-169 1.15 x 10-22 cl01076 Peptidase_M78 superfamily – 

3 specific 269829 4-82 2.51 x 10-32 cd14744 PAAR_CT_2 cl21497 

3 superfamily 413035 112-156 2.34 x  10-3 cl01733 DUF2345 superfamily – 

5 superfamily 403171 136-348 1.15 x 10-56 cl13337 DUF3396 superfamily – 

10 specific 398682 8-325 0 pfam05125 Phage_cap_P2 cl04947 

13 superfamily 164914 2-79 1.18 x 10-8 cl10430 PHA02417 superfamily – 

14 specific 283209 1-53 4.53 x 10-23 pfam05489 Phage_tail_X cl02088 

15 superfamily 407159 2-110 2.88 x 10-24 cl25205 Phage_holin_8 superfamil – 

16 specific 398877 20-84 3.8 x 10-7 pfam05449 Phage_holin_3_7 cl05163 

17 specific 403156 90-261 8.01 x 10-72 pfam11860 Muraidase cl13324 

17 specific 225943 3-125 5.97 x 10-16 COG3409 PGRP cl34604 

22 superfamily 418463 7-208 5.88 x 10-43 cl17812 Phage_base_V superfamily – 

26 specific 400043 302-375 8.20 x 10-9 pfam07484 Collar cl26890 

26 superfamily 222890 141-196 4.23 x 10-6 cl33689 34 superfamily – 

26 superfamily 397817 197-301 1.52 x 10-5 cl04319 Phage_T4_gp36 superfamily – 

30 specific 223931 4-242 8.99 x 10-34 COG0863 YhdJ cl17173 

31 specific 164955 1-388 0 PHA02560 FI cl01389 

32 superfamily 412874 1-169 1.50 x 10-82 cl01390 Phage_tube superfamily – 

36 specific 226030 1-136 4.20 x 10-65 COG3499 COG3499 cl01391 

37 superfamily 378982 32-147 7.22 x 10-17 cl15130 tRNA_anti-like superfamily – 
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39 specific 238045 5-61 4.06 x 10-8 cd00093 HTH_XRE cl22854 

42 specific 398341 4-50 1.85 x 10-17 pfam04606 Ogr_Delta cl19592 

48 superfamily 177362 1-930 0 cl26254 PHA02415 superfamily – 

49 specific 404807 4-48 1.01 x 10-15 pfam13986 DUF4224 cl16521 

50 superfamily 412227 181-335 1.53 x 10-38 cl00213 DNA_BRE_C superfamily – 
 

Figure 4-3: Clinker gene cluster comparison of Bcc P2-like phages and coliphage P2. 
Comparison of whole genomes for Burkholderia phage Carl1 against the other Kisquinquevirus 
phages KS5, AP3, and Mana and canonical coliphage P2. Percent amino acid identity is 
represented by greyscale links between genomes. Homologous proteins are assigned a unique 
color. 
 

The 10 predicted Rho-independent termination sites are displayed in Table 4-3 and are 

located downstream of gp3 (primase), downstream of the gp14 (hypothetical protein), within but 

in the opposite direction gp23 (methylase), gp25 (tail fiber protein), gp27 (baseplate wedge 

protein), gp40 (small terminase subunit), gp42 (capsid scaffolding protein), and gp49 

(hypothetical protein), downstream of gp44 (portal protein), and upstream of gp47 (hypothetical 

protein) in the opposite direction. 

 

 

6/7/22, 11:24 PM clinker (2).svg

file:///Users/carlydavis/Downloads/clinker (2).svg 1/1



 110 

Table 4-4: Predicted Rho-independent terminators in Carl1. Rho-independent terminators were 
identified using the ARNold  program and putative terminators with a ΔG value of -9 kcal/mol or 
less were retained, with some exceptions. DNA predicted to form the loop in the RNA is in red, 
and DNA predicted to encode an RNA stem is blue. 

Start   Program Strand  Sequence  -ΔG 
2155 Rnamotif – ACGGAGCGGGGCCGCGCGGGCGGaTTTTTCCACAGG  -7.20 
9187 Both + AGCGAACTGAAGCCCGCGATCGCGGGCTTTTTCGACGCA -12.70 
16545 Rnamotif + AGGCGCACGACTTCGCGCGCGAGCTGCGCGGGcTTTTCGGTCATG -9.70 
19998 Rnamotif + AAGCAGCAGCATCGCCGCTGGCGATTTTTCGAGAAT -6.20 
20621 Rnamotif + GCAGACTTCGCGCACGGCATCGGCCGTGCccTTTTTGCGCGCG -13.70 
27564 Rnamotif + GCGTCGTACGCCGGCAGGAACTGCCGTTTCAGTTCGGC -8.90 
28880 Rnamotif + TGCTGGCGGTCGCTGTCGGTGCGCGACAGCTTTTGCACCAGA -12.50 
32639 Both + GCAGACGACAAGCCGCCGGGCACTTCGGTGCCGGCGGCTTTTTTGCGTCTG -18.10 
35062 Rnamotif + GGGAGTCTTTTGTCCGGTTTCCTTTACCGACCGGGCgTTTTCGGAGTCA -11.70 
36480 Both + GAATCGGAAGAGGGAAGTCGTGTGACTTCCCTTTTCCCAGACG -13.50 

 
Future directions to characterize this phage should include extensive host range analysis 

on the 85 strains that JC1 was tested against and a one-step growth curve to determine important 

insights about infection cycle, such as burst size, latency period, and adsorption rate. 

Experiments to isolate a Carl1 lysogen should also be conducted and attempts to delete the 

lysogeny genes are recommended to make Carl1 more favourable for use in therapy.  

Assembly of B. cenocepacia C6433 genome 

B. cenocepacia strain C6433 is an epidemic strain isolated from Canadian CF patients 291 

and has proven to be very useful in the lab. C6433 is particularly useful when it comes to phage 

research in our lab, as 8 out of our current 12 Bcc phages can infect this strain. The assembled 

genome of C6433 will be useful for future experiments examining host-phage relations. 

Furthermore, it will be a welcome contribution to Bcc genomic research, as these strains are 

quite complex consisting of multiple chromosomes and sometimes a plasmid 63,123,381. 

Additionally, the impressive size of the Bcc, currently comprising 24 closely related species 77 

could not have been deciphered without sequencing data of Bcc strains. In other words, as more 

sequencing data becomes available more species of the Bcc are discovered. An important 

limitation regarding sequencing data is that short next generation sequencing reads can show GC 
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biases, which causes uneven sequencing depth and can generate gaps in a draft genome 382–384. 

This can prove to be problematic for assembling Burkholderia genomes because they have 

notoriously high GC content; that paired with their multi-chromosomal nature can make 

complete genomes difficult to assemble 123,385,386 especially if read coverage is affected.  

Illumina paired-end DNA sequencing reads of the C6433 genome were assembled using 

SPAdes v3.13.0 32 resulting in 795 contigs. RagTag v2.1.0 387 was used to perform homology-

based assembly scaffolding against B. cenocepacia reference strains J2315 (NC_011000.1, 

NC_011001.1, NC_011002.1, NC_011003.1), 895 (NZ_CP015036.1, NZ_CP015037.1, 

NZ_CP015038.1), and VC2307 (NZ_CP019666.1, NZ_CP019664.1, NZ_CP019667.1, 

NZ_CP019665.1). These three strains were chosen because they were the top BLASTn hits 

against the partial assembly of C6433. Of the three strains, assembly against J2315 gave the best 

read coverage (though all three assemblies were >99%), and assembly against 895 reduced the 

total number of contigs to 107 (J2315 reduced them to 137 and VC2307 reduced them to 141) 

(Table 4-5). Based off these results, C6433 scaffolded against 895 was chosen as the best 

assembly. 

Table 4-5: Ragtag scaffolded assemblies of B. cenocepacia C6433 against B. cenocepacia 
reference strains J2315, 895 and VC2307. 

J2315 Replicon Avg fold Length (bp) Ref  GC Covered (%) Read GC 
 Chr 1 22.7189 3,440,600 0.6720 99.2954 0.6512 
 Chr 2 21.3163 3,139,555 0.6755 99.2474 0.6569 
 Chr 3 19.6051 895,764 0.6744 99.2990 0.6564 
 Plasmid 26.2649 61,503 0.6170 100.0000 0.6009 

895 Replicon Avg fold Length (bp) Ref  GC Covered (%) Read GC 
 Chr 1 22.1559 6650071 0.6733 99.2824 0.6531 
 Chr 2 19.1278 1074343 0.6755 99.1770 0.6595 
 Plasmid 26.2649 61503 0.6170 100.0000 0.6009 

VC2307 Replicon Avg fold Length (bp) Ref  GC Covered (%) Read GC 
 Chr 1 18.4943 869423 0.6794 99.1445 0.6629 
 Chr 2 22.9336 5581278 0.6721 99.3232 0.6518 
 Plasmid 19.1360 1074343 0.6775 99.1840 0.6595 
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The reads of C6433 have GC contents around 63-65% (Table 4-5), slightly lower than the 

66-67% GC of most B. cenocepacia genomes. This draws attention to GC bias that may be 

occurring from Illumina sequencing of GC-rich sequences and indicates poor coverage may be 

an issue for regions of this genome 382–384. To get a complete assembly of C6433 we need to 

obtain long sequencing reads, similar to how the B. cenocepacia strain K56-2 genome was 

assembled 381. 

C6433 is predicted to encode 2 circular chromosomes of 6,650,071 bp and 1,074,343 bp, 

and a plasmid of 61,503 bp (Table 4-5). The smallest replicon sequence is likely accurate as it 

was predicted to exist in all three ragtag assemblies with 100% read coverage (Table 4-5). It has 

been labelled as a plasmid because it does not encode any rRNA or tRNA genes and is very 

similar (99.9% identity) to the plasmids of B. contaminans strains ZCC (CP042167.1) and XL73 

(CP046610.1), though the C6433 plasmid is significantly smaller. Recently, B. contaminans has 

emerged as a hospital pathogen causing bacteremia in patients 111. Since C6433 was an epidemic 

strain, it is therefore possible components in the plasmid may help strains carrying it establish 

infection in humans. PHASTER 388,389 did not identify any intact prophage in the genome but did 

identify 5 incomplete regions on chromosome 1 and 2 incomplete regions on chromosome 2. The 

fur gene sequence for C6433 has the highest percent identity to B. cenocepacia 895 (98.52% 

over 100% of the query) further supporting the best reference genome was chosen for C6433 

scaffolding 300. The draft genome assembly of C6433 has been deposited in GenBank with the 

accession numbers CP098497-CP098499 and was annotated using the NCBI prokaryotic genome 

annotation pipeline. According to the pipeline annotation there are at least 7,369 genes, with 

7,309 protein coding genes, 55 tRNAs, 1 rRNA, 3 noncoding RNAs, and 1 tmRNA. There is a 

significant lack of identified rRNAs, as only one 5S subunit was identified on chromosome 1. 
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Typically, >3 rRNAs are present in Burkholderia genomes, and at least one 23S, 16S, and 5S 

subunit are found in all bacteria. Prokka 390 was used as another method to find rRNA genes, but 

only the same 5S subunit was identified. The lack of rRNA genes identified is likely caused by 

the gaps in the genome. C6433 probably encodes at least 3-18 rRNAs and more genes as well. 

Though this is a partial assembly of C6433, the amount of information obtained from assembling 

the genome is vast, and a great degree of research can be proposed looking into the many genes 

annotated for C6433. 

Construction of pCD22 

A well-established protocol for making unmarked “clean” B. cenocepacia mutants 

utilizes homologous recombination and a yeast endonuclease I-SceI 391. This method has also 

been extended to create clean deletions in prophage, removing the integrase and causing them to 

be strictly lytic 369. The methodology involves cloning upstream and downstream DNA 

sequences surrounding the gene of interest into a suicide vector (pGPI-SceI) that harbours an 

18 bp recognition site for the I-SceI endonuclease. Homologous recombination of the suicide 

vector with either the upstream or downstream region into the bacterial genome is labelled as the 

single crossover and is selected for with trimethoprim. A second plasmid constitutively 

expressing the I-SceI endonuclease (pDAI-SceI) is then transformed into the single crossover 

strain. I-SceI will create a double stranded break at the cut site, and the bacteria will have to 

repair it using homologous recombination with either the upstream or downstream fragment in 

the suicide vector. This strain is known as the double crossover and is selected for with 

chloramphenicol resistance and trimethoprim sensitivity. Depending on the events of the 

crossovers, the surviving recombinants will be either wildtype or a clean deletion mutant.  
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This method was expanded for use in B. cenocepacia strains that harbour complex 

antibiotic resistance profiles 392 and the ori of pGPI-SceI was replaced with narrow-host-range 

oriR from pMB1, making it easier to work with (pAA1-MB1). Though the addition of a better 

ori has indeed made working with pAA1-MB1 easier, there are still a few drawbacks with this 

plasmid. Firstly, it still has a limited MCS, harbouring only 6 restriction cut sites (XbaI, KpnI, 

SphI, EcoRV, SmaI, EcoRI), and secondly there is no efficient technique to identify the 

successful ligation of your insert into the MCS of the plasmid. The second drawback is quite 

significant because for an unknown reason the transformation efficiency of the empty vector is 

very high, even with gel extracting the digested plasmid. This makes searching for a successful 

clone very difficult. For example, you could screen 20-30 transformants and only 1 would have 

your desired insert.  

To make cloning with pAA1-MB1 more efficient the MCS was removed and replaced 

with the MCS of pBBr1Tp to create the new plasmid pCD22 (Figure 4-3). The MCS was 

removed from pAA1-MB1 by digestion with restriction enzymes XbaI and EcoRI (Thermo 

Scientific) and treatment with Mung Bean Nuclease (New England Biolabs) to blunt the ends 

and Shrimp Alkaline Phosphatase (rSAP) (New England Biolabs) to prevent re-ligation of 

linearized plasmid. The MCS was isolated from pBBr1Tp by digesting with restriction enzyme 

SspI, which creates blunt ends. The digestion was then run on a gel and the 704 bp product was 

gel extracted using a QIAquick Gel Extraction kit (Qiagen, Inc., Germantown, MD, USA). The 

two fragments were then blunt-end ligated with T4 DNA ligase (New England Biolabs) and 

transformed into chemically competent E. coli DH5α. The transformation was plated onto LB 

plates containing 100 µg/mL trimethoprim and 100 µg/mL of X-Gal. Blue colonies were selected 

and sent for Sanger sequencing using primers that flanked the old MCS of pAA1-MB1 (F 5’-
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TTACTAAGCTGATCCGGTG-3’ and R 5’- GGGGAAACGCCTGGTATC-3’) to confirm 

sequence and orientation of the MCS.  

  
Figure 4-3: Plasmid map of pCD22. The MCS of pBBr1Tp was digested and ligated into the 
pGPI MCS digested with XbaI and EcoRI and treated with rSAP and Mung Bean Nuclease. 

Conclusions 

 The rise of AMR has left antibiotics unable to successfully treat all bacterial infections 

184, and alternative therapeutic options are needed for multi-drug resistant bacterial pathogens 

like members of the Bcc and P. aeruginosa. In addition to being nosocomial derived, these 

pathogens are significant contributors to premature lung degeneration and death in individuals 

with CF, and they can be incredibly difficult, if not impossible, to eradicate 35,64,119. More than 

60% of adult CF patients develop a chronic P. aeruginosa infection and being diagnosed with a 

Bcc lung infection can be devastating due to the unpredictable nature of these infections and 

clinically severe outcomes for CF patient 35,64,68. Using phage as an alternative treatment option 
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for these kinds of infections is an incredibly promising avenue, and there is an increasing number 

of clinical reports and case series using phage therapy against multi-drug resistant infections in 

humans 393.  

Research on the isolation and characterization of phages, as well as looking into 

combination treatments is crucial if we want to continue to see success in this field. Phage were 

discovered over a century ago by Frederick Twort in 1915 and by Felix d’Herelle in 1917 394, 

and the effects of using phage in combination with antibiotics was being studied alongside the 

golden age of antibiotics 253,395. Phage therapy research didn’t gain much support or popularity in 

North America until the advent of the AMR crisis, and there remains a great deal of research that 

needs to be done on phages before they can be offered as an accessible treatment option 396. 

There is much to be discovered about the interactions between phage, bacteria, and the human 

host, and the advantages and disadvantages of phage therapy must be considered 396. The work in 

this thesis contributes to the field of using phage therapy as an alternative treatment option for 

multi-drug resistant bacterial pathogens P. aeruginosa and B. cenocepacia. 

The synergistic relationship between phages E79 and phiKZ with the antibiotic 

aztreonam lysine (AzLys) was explored in chapter 2 229. E79, a phage that utilizes the LPS on the 

bacterial surface to adsorb to and inject its genomic material 250, exhibited increased lytic activity 

in the presence of the peptidoglycan inhibiting antibiotic. E79 exhibited increased plaque size, 

infection efficiency, and biofilm reduction. It also displayed accelerated time to lysis. The 

increased lytic activity is likely caused by a variety of factors including but not limited to 

increased adsorption to the enlarged cells, which correspondingly would have increased LPS, 

and accelerated time to lysis, which may be caused by reduced integrity of the cell wall allowing 

phage to lyse the bacteria quicker. PhiKZ was used to examine whether a phage might exhibit 
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reduced activity in the presence of AzLys if their receptor abundance decreases as opposed to 

increases, like the LPS. PhiKZ requires functional type 4 pili (T4P) to infect its host 277, and 

AzLys causes a significant decreases in the function of polar flagella and T4P motility structures. 

Though phiKZ exhibited reduced infection efficiency and smaller plaque sizes at some 

concentrations of AzLys, it unexpectedly displayed increased bacterial reduction at multiple 

MOIs in the presence of sub-inhibitory AzLys. Further examination similarly showed accelerated 

time to lysis, suggesting a potential mechanism for increased phage activity in the presence of 

AzLys may be increased time to lysis. This chapter also highlights the need for more studies 

looking into the mechanisms of phage antibiotic synergy, as finding positive synergy may be 

easier once we understand more about how phage can take advantage of the physiological 

changes to their host caused by antibiotics.  

In chapter 3 a novel bacteriophage targeting the Bcc isolated from soil in Edmonton 

Alberta by an undergraduate in the Dennis lab, Jamie Cole, was genomically annotated and 

characterized. Experiments analyzing its host range, morphology, growth curve, receptor, virion-

associated proteins, lifestyle, and virulence index showed that JC1 has a few desirable 

characteristics for use as a therapeutic. Firstly, it has an impressive host range, being able to 

infect many species of the Bcc, increasing the chances it may be able to infect clinical isolates 

from patients in need of alternative therapies. Second, it uses the inner core of the LPS to infect 

its host. B. cenocepacia has been shown to have a significant fitness disadvantage with severe 

truncation of the LPS 145,146, suggesting that JC1 can act not only as an antibacterial agent, but 

also as an antivirulence agent by targeting a significant contributor to bacteria virulence. Third, it 

is highly virulent against its host in vitro at a wide range of MOIs. The main caveat of JC1 is it is 

a lysogenic phage, and the lysogen displays growth differences compared to wildtype in different 
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nutritional medias. Therefore, before JC1 is used as a therapeutic, it should be genetically 

modified to remove the lysogeny genes to avoid any unknown, and potentially harmful, effects 

of lysogenizing its host. 

Future Directions  

Phage are the most abundant biological entity on earth and they are found ubiquitously 

through nature 397. Finding phage is relatively easy, but finding phage that infect your desired 

bacteria, and possess ideal characteristics for use in therapy can be challenging. The Dennis lab 

to date has characterized a number of B. cenocepacia phages, where all but one phage contain 

lysogeny related genes in their genome, suggesting they are not obligately lytic, even if stable 

lysogeny cannot be confirmed for all phages 290,333,340,343,345,346,369,377,398. We have had one 

successful case in our lab making a lysogenic phage obligately lytic by replacing the repressor 

gene in KS9 with a trimethoprim resistance cassette via homologous recombination 369. The 

success of this was likely due to KS9 being stably integrated into its host’s genome. A good 

majority of our Burkholderia phages form pseudolysogens, meaning they do not integrate into 

the bacterial genome of the hosts we have in our lab, but rather form circular phagemids with no 

partitioning system, eventually being lost over time (data not shown). This instability has proven 

to be a significant issue for isolating single crossovers into the phage genomes using the 

Flannagan et al (2008) method. It is possible there are hosts where our phages may stably 

integrate into the bacterial genome but finding said host would be difficult due to the narrow host 

range of most phages. It is also possible that the lysogeny related genes do not function properly, 

and the phage cannot integrate or maintain lysogeny for an extended period of time.  

Due to unstable lysogeny of many of our phages, the development of a successful method 

for obtaining genetically modified phages is vital. There has been success in the literature using 
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the yeast gap repair system to construct synthetic phage genomes from PCR products and a yeast 

artificial chromosome (YAC) 399–402. Utilizing this yeast-based phage-engineering methodology 

will nullify the issues occurring due to unstable lysogeny of our phages. If a successful method 

can be developed for our Bcc phages, then we can make all of our phages fully lytic, and 

therefore more desirable for use in therapy. The biggest hurdle will be whether or not our phage 

can successfully be rebooted from genomic DNA. If functional phage virions can be produced by 

electroporating the genomic phage DNA into either 10G E. coli cells or their natural host cell 

(rebooted), then the chances of this method being successful will be promising. The only other 

hurdle we may encounter is potential difficulty PCR amplifying 10kb fragments from the GC 

rich DNA of our phages (>60% GC), and whether this high GC content will display any issues 

recombining within yeast, who have a GC content around 38% and have been shown to display 

increased mutation rates and mitotic and meiotic recombination with GC rich DNA 403. If 

problems arise with the high GC content in yeast, Gibson assembly could be an alternative 

method to assemble the phage genomes instead, as an updated protocol for Gibson-assembly of 

large DNA fragments with high GC contents has recently been published 404.  

In addition to the removal of lysogeny genes, this method can also be used to increase the 

host range of our phages by removing hypothetical genes of unknown function to make room in 

the genome to add in additional tail fiber proteins. Tail fibers have successfully been modified 

using this method in E. coli and Klebsiella and directly affected the host range of the phages 

399,402. Typically the N-terminal regions of tail fibers in similar phages retain higher levels of 

homology owing to the structural role they play in attaching the fiber to the phage virion, while 

the C-termini vary from one another and play a role in binding to the host receptor 399,402. This 

pattern in seen between the tail fibers of both the Lessiviruses and the Kisquinqueviruses, with 
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only the N-terminal regions having high sequence homology to one another. Exchanging and/or 

adding in additional tail fibers with these phages would be very interesting, especially if it could 

help broaden the host range of the other characterized Lessieviruses DC1, Bcep22, and 

BcepIL02, which have a significantly smaller host range than JC1 332,333,377. Extensive host range 

analyses have not been performed on the Kisquinqueviruses, but the current known host range 

for these phages differ from one another and could also provide interesting results 346. Expanding 

the host range of our phages by adding additional tail fibers offers a bright outcome for phage 

therapy as we can expand the narrow host range of phage, one of the limitations associated with 

this therapy. Alternatively, adding a tail fiber from an uncharacterized phage to the genome a 

very well characterized phage could help phage therapy to be a more safe and accessible option 

to patients. This would mean that novel or lysogenic phage would not always need to be 

extensively characterized or genetically modified before being used in therapy. If a novel or 

lysogenic phage is found to infect a clinical isolate, the tail fiber of that phage could be added 

into a similar but very well characterized phage. Of course, in order for this to be an option we 

need a variety of extensively characterized phages for the multi-drug resistant bacteria in 

question. 

Another way to increase the efficacy of phage therapy is by using phage cocktails and 

combination therapy with antibiotics because they can reduce the frequency of resistant mutants 

to the killing agents by targeting multiple surface structures (phage cocktails) or by killing the 

cells with different mechanisms of action (phage-antibiotic combination). The exploration of 

combination therapy with antibiotics and phage that require the inner core of the LPS for 

infections is noteworthy because the LPS of Gram-negative bacteria provide a significant degree 

of protection from the host immune system and are a physical barrier to many antibiotics 144. 



 121 

Additionally, truncation of the LPS has been shown to result in significant fitness disadvantages 

of the bacterial cells, including increased sensitivity to antimicrobials 145,146. Accelerated time to 

lysis caused by AzLys in P. aeruginosa allows for new phage virions to be released sooner, so 

they can infect new cells faster, accelerating the overall rate of killing 229. The potential for 

treating a chronic P. aeruginosa infection with cell wall-inhibiting antibiotics and phage like E79 

that utilize the LPS as their receptor is an incredibly promising area of research and should be 

examined further. Interestingly, the LPS seems to be a very popular phage receptor in Bcc 

phages isolated form the environment 335, and both phages JC1377 and Carl1 (unpublished; 

ON642070.1) discussed in this thesis require the inner core of the LPS for infection. Given this 

phenomenon, exploring LPS dependent phage therapy in combination with cell wall-inhibiting 

antibiotics should also be explored in the Bcc as a potential alternative treatment option. 

In the 2020 Annual Data Report from The Canadian Cystic Fibrosis Registry 7.5% of 

individuals infected with Bcc were infected with B. gladioli. Officially, this strain is not 

recognized as a Bcc species, but it is clearly emerging as an opportunistic pathogen colonizing 

the lungs of CF patients. JC1 has lytic activity against B. gladioli strains R1879 and R406 

(unpublished data); it can lyse at high titer but cannot propagate to produce plaques. Further host 

range analysis of JC1 should be conducted on a large panel of B. gladioli strains, as JC1 has a 

very broad host range 377 and it is likely that JC1 can infect more B. gladioli strains. If the screen 

results in the same phenomenon being observed, where JC1 can lyse the strains at high titer but 

not propagate to produce plaques, then training JC1 by repeatedly passaging the phage on the B. 

gladioli strains it can infect could result in a strain of JC1 capable of propagating on B. gladioli. 

Sequencing of this evolved phage genome could also prove insightful in determining what 

caused the change in host range.  
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Alternatively, this lytic activity could be a result of depolymerase activity lysing the 

bacterial cell wall. Using InterProScan 405 to further analyze the predicted protein sequences of 

JC1 showed that gp57 and gp59 have predicted peptidase regions at the C-terminal end of the 

predicted proteins. These two proteins may have the ability to degrade LPS, and are likely 

required for infection of their host given that other phage proteins with this domain make up the 

tail spike of the phage and are involved in degrading the LPS so the phage can reach the cell 

surface 406–408. It could also be interesting to purify these proteins and test if they display 

depolymerase activity on the phage host Van1, and if so, expand it to test an extensive host 

range. As discussed in the introduction, phage lysins that can destroy the cell wall of a target 

bacteria are a potential replacement for antibiotics because of their direct antibacterial action; 

similarly to phage lysins, phage depolymerases have potential for use as an alternative 

therapeutic, especially when it comes to biofilm reduction studies 409. The fact that JC1 encodes 

two separate proteins with predicted peptidase regions may be playing a role in its wide host 

range as phageφK1-5 can infect two K-types of E. coli because it encodes two different 

enzymatic tail fiber proteins 410. Overall, the depolymerase activity of JC1 and these two tail 

proteins should be analyzed further.  

Final Remarks  

 The use of phage therapy is gaining recognition as a promising alternative to antibiotics, 

and rightfully so. There are many benefits to using phage, such as host-specificity, self-

amplification, biofilm degradation, and low toxicity to humans 218. There are also a few 

downsides to the use of phage therapy. For one, not all phage are useful as a therapeutic, some 

phage can display low virulence, or are lysogenic and/or encode toxins, virulence factors and 

antibiotic resistance genes that can help the pathogens we are trying to kill 218. This highlights 
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the necessity of characterizing phage to assure successful treatment. The narrow host range, 

though a benefit to our microbiome which is now known to play a vital role in our health 411, is 

also an issue because we will never have a one-phage-fits-all for treating infections. Accurate 

identification of clinical isolates and subsequent screening against a panel of phages is the likely 

future of phage therapy, and often isolation of novel phages against a clinical isolate is required. 

Phage cocktails and tail fiber modifications can help to alleviate the complications with narrow 

host range, however patients that require immediate treatment likely will not have time to wait 

for their isolate to be screened against a panel of phage. Thirdly, phages can actively replicate, 

sometimes cause immune responses, and can potentially evolve during manufacturing or use. 

Nonetheless, protein-based therapeutics, chemical antibiotics, and whole vaccines also display 

these disadvantages and have been approved for use, so this hurdle should not stop phage therapy 

from being approved 218. Alternatively, the use of lysins and depolymerases are similar to 

chemical antibiotics/protein-based therapeutics as the biologically active component of phage 

therapy has been removed. Though it is unlikely that phage therapy will replace the use of 

antibiotics in common infections, they offer monumental potential for treating chronic and 

antibiotic resistant infections.  
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