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ABSTRACT 

In the US, around 60% of females will be diagnosed with a Urinary Tract Infection (UTI) 

in their lifetime, and Escherichia coli is the most implicated etiological agent of UTIs. Despite 

its frequent association with lower urinary tract symptoms, recent studies have found that the 

urinary microbiome (UMB), the viral, bacterial, and fungal resident members of the urinary tract 

of healthy females, can also consist of E. coli. While most research has focused on the bacterial 

constituents of the UMB, bacteriophages, viruses that infect bacteria, are far more abundant. 

Bacteriophages (phages) of other human microbiomes have been shown to play a significant role 

in shaping the bacterial community dynamics. While a handful of E. coli infecting phages 

(coliphages) have been characterized, little is known about the diversity of coliphages of the 

human UMB or their role within this microbial community.  

Of the known types of phages in nature, temperate phages have complex, broad impacts 

on bacterial populations and, therefore, community dynamics, through both lytic and lysogenic 

means. One such widely studied impact is lysogenic conversion, the alteration of host phenotype 

by the infection by integration of a temperate phage. Lysogenic conversion has the potential to 

offer a host bacterium human-relevant phenotypes, including antibiotic resistance and virulence 

factor production. Since it has been shown that UMB phages can exhibit host ranges broader 

than just their native host, phages could be facilitating the horizontal gene transfer of potentially 

harmful genes within the human UMB. 
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Despite the threat posed by UMB temperate phages, little work has been done 

characterizing their integrated form, prophages, in UMB E. coli. Additionally, the ability of these 

phages to be induced from their native host, then infect and integrate into a non-native host has not 

been shown previously by phages of the human UMB. 

Here, I present a two-part study into (i) the diversity of E. coli prophages within the 

human UMB and (ii) the ability of UMB temperate coliphages to be induced from a native host, 

engineered to be obligately lytic to then infect and lyse a non-native UMB host. 

First, 3,177 predicted intact prophages were identified from 961 urinary E. coli genome 

assemblies by the prophage predicting tool PHASTER. Prophages were pervasive; 95% of the 

strains contained at least one intact prophage (average >3 prophages per genome assembly). 

Furthermore, ~50% of these predicted prophages did not share significant sequence similarity to 

characterized phages, thus likely representing novel phages. Some predicted prophage sequences 

contained antibiotic resistance and virulence genes, but these genes were not common among the 

prophage sequences. Investigation of the predicted prophages’ integrase gene suggests that the 

UMB coliphages share common attachment sites for integration in the E. coli chromosome. 

Collectively, this study provides the first catalog of urinary E. coli temperate phages. 

 Next, predicted intact prophages were induced from urinary E. coli strains using 

biologically relevant pH conditions. The induced phages were identified using PCR with primers 

designed based on the PHASTER sequence predictions. One of these induced prophages was then 

engineered from temperate to obligately lytic through the removal of its integrase gene sequence, and 

the host range of this engineered phage (d700) and its ancestral strain (i700) was assessed. d700 was
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 able to lyse one strain of UMB E. coli that i700 was not, suggesting that i700 infected and 

lysogenized the bacterium.  

This study shows that there is substantial diversity in UMB E. coli prophages and shows that 

some temperate coliphages can be induced, engineered to be obligately lytic, and lyse non-native 

hosts.
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CHAPTER ONE 

INTRODUCTION 

The Human Urobiome 

 In 2010, the healthy human bladder was shown to contain microbial DNA, challenging 

the dogma that the urine of healthy individuals is sterile (Thomas-White et al., 2016a). The 

urinary tract contains the kidneys, ureters, bladder, and urethra. The discovery of the Human 

Urinary Microbiome (UMB), the microbiome found within the human urinary tract, was first 

made via the identification of ‘uncultivated bacteria’ by DNA sequencing of the highly 

conserved 16S rRNA genes within voided human urine (Nelson et al., 2010; Siddiqui et al., 

2011). Prior to the development and use of 16S sequencing to identify constituent bacteria, there 

was thought to be no human UMB in healthy individuals because clinical microbiology 

laboratory culture cultivation of non-symptomatic subject urine historically returned negative 

results (Dong et al., 2011; Hilt et al., 2014). Instead, a positive clinical laboratory culture was 

used to diagnose disorders, most commonly urinary tract infections (UTI) (Long and Koyfman, 

2018). Therefore, historically in the medical literature, presence of bacteria in the urine 

accompanied by symptoms was indicative of a disorder (Long and Koyfman, 2018). 

While culture negative results were consistently replicated for healthy individuals, the 

protocols used in clinical practice were optimized during the 1950s for known uropathogen 

growth conditions in the clinical laboratory setting (Thomas-White et al., 2016a).  These 

laboratory conditions differ from the environment of the human bladder and thus the diverse 



 

 

2 
range of genera that naturally inhabit the human bladder may not be able to thrive in a clinical 

laboratory setting (Wolfe et al., 2012; Hilt et al., 2014). By using a larger range of media, 

incubation temperatures, incubation lengths, and oxygen availability, bacteria was shown to be 

cultured from the catheterized and voided urine specimens of healthy individuals (Hilt et al., 

2014). The variation of culture conditions shown by (Hilt et al., 2014) allowed for the cultivation 

of 35 different genera of bacteria from the bladder, not just the well-studied uropathogens. Since 

these initial findings, further developments in urinary microbe cultivation techniques have 

allowed for the development of Enhanced Quantitative Urine Culture (EQUC) methods that 

specifically improve the detection of uropathogens (Price et al., 2016a).  

Investigations aimed at characterizing constituents of the UMB have been undertaken 

since the discovery of a UMB in healthy individuals. As in other human microbiomes 

(Turnbaugh et al., 2007), the diversity of the UMB is highly variable from individual to 

individual (Nelson et al., 2010; Siddiqui et al., 2011; Wolfe et al., 2012; Thomas-White et al., 

2018). It should also be noted that human host genetics have been shown to contribute to the 

composition and dynamics of the human urinary microbiome (Adebayo et al., 2020). These 

results suggest that the differences in host genetics may be contributing to the different urinary 

microbial communities observed between individuals. Furthermore, there are data suggesting 

significant differences between the UMBs of females of different age groups/menopausal status 

(Ackerman and Chai, 2019). Similarly, the healthy male UMB was also shown to be both diverse 

and highly variable (Nelson et al., 2010; Dong et al., 2011). In recent years, it has also been 

shown that the microbiome of the lower urinary tract of females is also temporally dynamic, 



 

 

3 
being influenced specifically by menstruation cycles and vaginal intercourse (Price et al., 

2020b).  

The bacterial species in the UMBs of female individuals presenting with lower urinary 

tract or bladder symptoms have been shown to be significantly different than healthy individual 

UMBs (Pearce et al., 2014; Shoskes et al., 2016; Thomas-White et al., 2016a; Wu et al., 2017). 

Therefore, extensive work has been done assessing the role of the human UMB in causing, 

contributing to, and being correlated with urinary tract and bladder disorders.  

The human female UMB has been shown to contribute to the overall health of the bladder 

and urinary tract. The female UMB has been shown to differ between asymptomatic patients, 

overactive bladder (OAB) patients (Pearce et al., 2014; Thomas-White et al., 2016b), and some 

patients with UTIs (Pearce et al., 2015). A subdivision of OAB is urinary incontinence (UI), the 

symptoms of which have been shown to be negatively correlated with the frequency of 

Lactobacilli, a common constituent genus within asymptomatic female UMBs (Pearce et al., 

2014; Brubaker and Wolfe, 2017). Concurrently, diversity, meaning lack of a dominantly 

abundant species, is also associated with patients with OAB symptoms in contrast to those 

without OAB symptoms (Pearce et al., 2014; Ackerman and Chai, 2019). Work pertaining to the 

discovery of associations between differing levels of UMB diversity and OAB symptomatic 

presentation is ongoing. In contrast, the association between UTI and a microbial cause – 

specifically Escherichia coli – has been well-established in clinical practice.  

Escherichia coli 

E. coli is a rod-shaped, gram-negative bacterium from the family Enterobacteriaceae. 

Strains of E. coli are primarily harmless constituents of the human digestive tract, but, in relation 



 

 

4 
to human health, can be categorized into three groups; commensal strains, intestinal pathogenic 

strains, and extraintestinal pathogenic strains (Russo and Johnson, 2000). E. coli has been found 

in the UMBs of both females with urinary disorders and healthy controls (Thomas-White et al., 

2016a; Garretto et al., 2020; Neugent et al., 2020; Price et al., 2020a). Nevertheless, E. coli is 

among the most implicated etiological agent of UTIs, contributing to both complicated and 

uncomplicated cases (Subashchandrabose and Mobley, 2015). In the US, around 60% of females 

will be diagnosed with a UTI in their lifetime (Klein and Hultgren, 2020). There are multiple 

designations of UTI, complicated and uncomplicated as well as acute and recurrent (for a review 

of UTI medical terminology see (Geerlings, 2016)). Of the acute UTIs diagnosed, around 80% 

are attributed to presence of E. coli, specifically Uropathogenic E. coli (UPEC) strains (Klein 

and Hultgren, 2020). 

UPEC strains are among the most studied bacteria implicated in UTIs (Terlizzi et al., 

2017). Despite rigorous investigation, few universal features that enable E. coli infection of the 

urinary tract  uropathogenesis have been documented (Schreiber et al., 2017). What is known 

about UPEC strains is that pathogenesis is related to the bacterial expression of a wide range of 

genes encoding virulence factors, termed putative urovirulence factors (PUFs) (Schreiber et al., 

2017; Klein and Hultgren, 2020). While most PUFs are not characterized enough to suggest a 

direct role in pathogenicity, they are useful in characterization and prediction of virulence of 

UPEC strains (Schreiber et al., 2017). However, examination of E. coli genomic assemblies of 

isolates from healthy females and from females with UTI symptoms found no discernable 

difference in the virulence factors encoded (Garretto et al., 2019). These findings suggest that 
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there are other factors beyond simply E. coli presence in an individual’s UMB that contribute to 

symptom presentation (Garretto et al., 2019; Perez-Carrasco et al., 2021). 

Along with virulence, the UPEC strains are also documented to be capable of developing 

antibiotic resistance, particularly resistance to fluoroquinolones and SMZ-TMP, two of the most 

frequently prescribed UTI treatments globally (Kumar and Das, 2017; Terlizzi et al., 2017; 

Waller et al., 2018; Kot, 2019). Given the increasing threat of antibiotic resistance, an alternative 

treatment strategy has gained renewed interest – bacteriophages, or viruses that infect bacteria. In 

other human microbiomes, bacteriophages (phages) have been shown effective in combating 

antibiotic resistant bacterial infections (Kortright et al., 2019; Zalewska-Piątek and Piątek, 2020).  

Phages - Overview 

In addition to the many genera of bacteria in the UMB, the human UMB comprises an even 

greater diversity of the bacteria’s viral counterparts, phages. Phages are the most numerous 

biological entities on Earth, numbering near 1031 at any given point in time (Hendrix et al., 

1999). Despite being only tens to hundreds of nanometers in length, when stretched end to end, 

the bacteriophages on earth would span farther than the nearest 60 galaxies (Suttle, 2007). 

Throughout nature, phages seem to be ubiquitous, and observed on all examined human body 

sites (Navarro and Muniesa, 2017; Batinovic et al., 2019). Phages, when observed in the external 

environment, are composed of a protein coat that encases a genome (Kakasis and Panitsa, 2019). 

Phages have genomes that average between 30 and 50 kbp in size but have been shown to range 

from 2 kbp up to 735 kbp (Hatfull, 2008; Al-Shayeb et al., 2020). There is extensive phage 

diversity, but most phages isolated and studied in laboratory settings are tailed dsDNA phages 

(order: Caudovirales). Other phages include ssDNA phages that do not have tails (e.g., family: 
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Microviridae) or filamentous phages (e.g., family: Inoviridae), as well as dsRNA and ssRNA 

phages (Ackermann, 2007).  

Phages are obligate intracellular parasites that require a susceptible bacterial host cell to 

multiply and proliferate. The infection of a host cell is facilitated by recognition of a host cell 

receptor via phage receptor binding proteins. The bacterial cell surface proteins targeted by 

phages are extensively diverse. Targeted host receptors include protein receptors (OmpA and 

OmpC), lipopolysaccharide (LPS) receptors, receptors located in capsular polysaccharides (Vi-

antigen), pili, and flagella (Stone et al., 2019). Because of the extensive diversity in cell receptor 

targeting, phage-bacteria relationships tend to be highly specific, lending phages a relatively 

narrow viral host range. Host range is defined as the diversity in hosts that can be infected by a 

phage. Host ranges for phages are usually limited to select strains of a single species but some 

phages have exhibited the ability to infect hosts of multiple genera (Hyman and Abedon, 2010a). 

Evolutionarily, phage and bacteria are involved in a constant arms-race; phages are selected to 

infect bacteria more efficiently, while bacteria are selected to resist phage infection. The result is 

extensive diversity of both phages and bacteria, contributing to phages earning the title of the 

most diverse biological entities on the planet (Grose and Casjens, 2014).  

Phages follow two main lifecycles: the lytic lifecycle and the lysogenic lifecycle. Phages 

are separated into multiple categories depending on their lifecycle(s); for a review of phage 

terminology, see (Hobbs and Abedon, 2016). Here, three main categories of phages will be 

discussed: obligately lytic phages, prophages, and temperate phages. Obligately lytic phages, as 

the name suggests, persist exclusively through the lytic lifecycle (phage life cycles are visualized 

in Figure 1). The lytic lifecycle is characterized as phage infection of a host followed by phage 
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replication via the sequestering of the bacterial host’s replication machinery, followed by host 

death and release of phage progeny into the external environment (Stone et al., 2019). The 

lysogenic life cycle is different than the lytic life cycle in that upon successful infection, the 

phage genome integrates into a host’s chromosome or become an extrachromosomal plasmid 

instead of rapid phage progeny replication flowed by lysis. A prophage is a phage genome 

existing within a bacterial genome or plasmid during the lysogenic cycle that may or may not 

possess the ability to exist in a form external to the bacterial host. Temperate phages are a hybrid 

of the two previous designations in that they can participate in both the lytic and lysogenic 

lifecycles (i.e. both in the external environment as well as within a host bacterium’s 

genome/extrachromosomal plasmid). Thus, temperate phages can both integrate its genomic 

content into a host bacterium’s genome (lysogenic life cycle) and then extricate itself through a 

process called phage induction (lytic life cycle) (Little, 2014). Therefore, temperate phages can 

be described as prophages that have the ability to excise from a host’s genome and enter the lytic 

lifecycle (Hobbs and Abedon, 2016). 
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Figure 1. Phage lytic and lysogenic lifecycles. Infection begins by phage attachment to a host 
cell and insertion of its genome into the cell. The lytic cycle is characterized by immediate phage 
replication using host cell machinery followed by bursting of the host cell and the release of 
phage progeny into the surrounding environment, thus killing the host. The lysogenic cycle is 
characterized by insertion of the phage’s DNA genome into the bacterial host’s genome. As the 
host replicates, the phage is replicated as part of the bacteria’s own genome. Temperate phages 
can switch between these two life cycles. Image obtained from (Garretto et al., 2019). 

Temperate phage integration is most often accomplished through site-specific 

recombination mediated by phage-encoded integrase proteins. There are 2 evolutionarily distinct 

families of site-specific integrase proteins: tyrosine and serine integrases. This study will focus 

on tyrosine integrases as they are the family of integrases most predominant in E. coli phages 

(coliphages) (Fogg et al., 2014). A hallmark representative of the tyrosine integrase family is the 

integrase protein of the temperate coliphage λ (Fogg et al., 2014; Nakamura et al., 2021).  

λ integrates via a unidirectional, highly site-specific recombination reaction. The 

recombination reaction is catalyzed by the phage integrase protein, Int, and occurs between 

homologous stretches of phage (attP) and host (attB) DNA sequences. The phage attachment site 
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(attP) and the bacterial attachment site (attB) are split in half and the phage sequence is inserted 

into the bacterial genome through site-specific recombination (for review of site-specific 

recombination mechanisms see (Grindley et al., 2006)). The resulting inserted phage sequence is 

flanked by new hybrid attL and attR sites, each composed of half the original attP and attB 

regions. The integration process is visualized in Figure 2 (Fogg et al., 2014).  

 

 

Figure 2. Temperate phage integration and excision diagram. The purple lines represent a 
temperate phage DNA genome. The gray lines represent a bacterial host’s genome. The 
processes of temperate phage integration and induction occur at the attP and attB phage and 
bacterial DNA regions respectively. The integration process is catalyzed by phage integrase 
proteins. The induction process is essentially the reverse reaction of integration and is catalyzed 
by phage excisionase or recombination directionality factor proteins. Image obtained from (Fogg 
et al., 2014). 

While integrated, the lysogenic state of λ is maintained by the phage cI repressor protein. 

Its bound state suppresses the transcription of lytic promoting genes integrase (Int) and 

excisionase (Xis) (Ball and Johnson, 1991). cI repressor protein is regulated by other phage and 

bacterial proteins (such as cII, cIII, Cro, and Hfl). The regulation of cI relies upon cooperative 
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gene regulation and its understanding was foundational in elucidating the mechanisms of 

cooperative gene regulation (Dodd et al., 2005). Despite a deep understanding of the mechanistic 

regulation process of cI repressor, the underlying mechanisms that trigger such regulation events 

in other phages are yet to be exhaustively studied. Current knowledge provides that specific 

environmental conditions, particularly those that cause transcription of the host DNA-repair 

protein RecA, result in autoproteolysis of cI, transcription of lytic genes (Int and Xis), and 

entrance into the lytic cycle. Thus, most commonly, severe host cellular distress causes phage 

induction. The other known primary cause of induction is random genetic mutation in the cI 

gene, but this is thought to be statistically very unlikely (Dodd et al., 2005; Hochschild and 

Lewis, 2009).  

The excision process of the temperate coli λ (discussed above as prophage induction) 

requires two phage and two host transcribed proteins. The phage proteins required are the 

integrase, Int, and the excisionase protein, Xis. The required host are the nucleoid associated 

proteins, integration host factor (IHF) and Fis (Ball and Johnson, 1991). The excision reaction 

follows a mechanism that is the reverse of the integration reaction: attL and attR recombine into 

attB and attP, returning the chromosome to the non-prophage form and forming the circular 

phage genome that then enters the lytic life cycle (Fogg et al., 2014). 

Studies of the human UMB have revealed a diverse range of resident phages (Miller-

Ensminger et al., 2018a); prophages significantly outnumber obligately lytic phages (Malki et al., 

2016a; Garretto et al., 2018). It also has been shown that E. coli strains isolated from patients 

experiencing the symptoms of urinary disorders often contain prophages (Price et al., 2016b; 

Miller-Ensminger et al., 2018a). Prophage sequences within E. coli of the human UMB have 
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been predicted using computational methods, the details of which will be talked about in-depth 

in Chapter 2. The investigation of temperate phages also has been undertaken on several 

different UMB bacterial species. Temperate phages have been experimentally induced from E. 

coli (Dallas and Kingsbery, 1997; Malki et al., 2016b; Miller-Ensminger et al., 2018a), 

Pseudomonas aeruginosa (Brown-Jaque et al., 2016; Johnson and Putonti, 2019; Johnson et al., 

2019), and Streptococcus anginosus (Brassil et al., 2020).   

 Of the studies that examined UMB E. coli prophage induction, two studies by our group 

have experimentally induced and characterized urinary coliphages (Malki et al., 2016b; Miller-

Ensminger et al., 2018a). In a study by (Miller-Ensminger et al., 2018a), temperate phages were 

computationally identified in four UMB E. coli strains. One of the predicted prophages was 

induced and characterized via host range testing and transmission electron microscopy (TEM) 

imaging. The host range tests revealed that the induced phage was able to lyse laboratory strains 

of E. coli (e.g., E. coli K-12, B, and/or C) but unable to lyse other UMB E. coli strains. The 

highly specialized lytic potential of this induced phage suggests that some phages of the UMB 

are only capable of infecting and lysing their native host. However, not all induced UMB phages 

have shown lytic host ranges limited to only their native host. In a 2016 study by Malki et al., six 

coliphages were isolated from the urinary microbiota of females with urinary urge incontinence 

(UUI) (Malki et al., 2016b). Two of those phages were tested for their ability to lyse non-native 

host urinary E. coli isolates, including UPEC strains (Malki et al., 2016b; Putonti et al., 2017). 

Notably, both phages exhibited the ability to lyse some UPEC and non-pathogenic UMB E. coli 

strains, but neither phage was able to lyse all tested strains (Putonti et al., 2017). These results 
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suggest that temperate phages with broad host ranges could affect the in vivo population 

dynamics (lysis) and phenotypes (lysogeny) of multiple strains of UMB E. coli. 

Scope of Thesis 

Despite extensive documentation of laboratory coliphages, such as the temperate phage λ, 

the diversity of coliphages in the human UMB, specifically temperate coliphages, has not been 

catalogued. While previous studies have identified and characterized the lytic potential of a few 

temperate UMB coliphages (Malki et al., 2016b; Miller-Ensminger et al., 2018a), their ability to 

infect and integrate into the host is unknown. More broadly, the lysogenic potential of UMB 

phages has not been explored. 

Here, I present a study of E. coli-infecting temperate phages, integrating bioinformatic 

and synthetic biological approaches. Chapter 2 presents a survey of urinary E. coli prophage 

diversity through analysis of all publicly available urinary E. coli genomes. Chapter 3 shows the 

induction, characterization, and genetic engineering of a few of the predicted prophages from the 

urinary E. coli sequences analyzed in Chapter 2. Chapter 4 offers conclusions and future 

directions of this thesis work. 
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CHAPTER 2 

BIOINFORMATIC IDENTIFICATION, COMPARISON, AND CHARACTERIZATION OF 

UROBIOME COLIPHAGES 

Introduction 

Prophages can account for up to 20% of the host bacterium’s genome and nearly half of 

all sequenced bacterial genomes contained at least 1 prophage (Touchon et al., 2016). Prophage 

presence within a bacterial genome can offer the host selective advantage and offer increased 

individual fitness (Little, 2014). The increase in fitness is due to lysogenic conversion, the 

expression of genes from the prophage genome that can change the phenotype of the bacterial 

host (Little, 2014). Examples of lysogenic conversion include extracellular toxins, adhesins to 

assist in bacterial attachment, effector proteins to assist in bacterial invasion, virulence enzymes, 

and antibiotic resistance genes (Brüssow et al., 2004; Wendling et al., 2021). Prophages also can 

confer resistance to their bacterial host from other phage infections, also known as superinfection 

immunity. Thus, prophages can significantly impact a bacterial host while contributing to greater 

phenotypic and genotypic bacterial diversity and fitness. 

As discussed in Chapter 1, the genes contained in prophages are extremely diverse and 

specific to the bacterial host they target. Unlike cellular organisms, there is no gene conserved in 

all or even most phage genomes. For example, the sequences of enterobacterial phages λ, P2, 

P22, HK97, Mu, and T7 are not recognizably homologous despite these phages exhibiting 

indistinguishable morphology under an electron microscope and being able to infect hosts within 
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the same bacterial family (Casjens, 2003). Despite the extensive sequence diversity in 

bacteriophage sequences, there are some phage proteins that are more highly conserved than 

others. Genes that encode the large subunit of the terminase, the portal protein, head maturation 

protease, coat protein, and the tail shaft and fiber proteins (in tailed phages) are more conserved 

across phage groups than other phage proteins (Casjens, 2003). Specific to temperate phages, 

site-specific recombinase proteins, known as integrases, that are required for bacterial genome or 

plasmid integration are also conserved (Groth and Calos, 2004). These are just a few of the genes 

specific to prophages that can be searched for and used to identify prophages within bacterial 

genomes.  

A subcategory of prophages, known as cryptic prophages, also have been found within 

bacterial genomes, and notably have been linked to bacterial antibiotic resistant phenotypes 

(Wang and Wood, 2016). Cryptic prophages are prophages that still possess multiple phage 

genes but are no longer functional (meaning they cannot be induced) and are in a state of 

mutational decay (Casjens, 2003). Along with cryptic prophages, satellite phages are parasitic 

phages that do not contain their own structural protein genes but rely on the structural genes of 

other specific phages for replication (Casjens, 2003). Cryptic prophages, satellite phages, phage 

tail protein-like bacteriocins, and bacterial gene transfer agents that resemble phage tail proteins 

all present a challenge for computational identification of functional prophages because they 

introduce of non-phage noise and increase in divergent gene presence and structure.  

Because prophages can be highly influential to a bacterial host’s phenotype, especially if 

they confer increased virulence or antibiotic resistance, it is imperative to be able to identify and 

characterize prophages within bacterial genomes. Over the past decade, dozens of computational 
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tools have been developed for identifying viral elements within bacterial genomes. While the 

tools vary in their specific design, the general strategy currently used for identifying prophages 

within bacterial genomes is to use known phage proteins and sequence similarity-based searches 

(Casjens, 2003; Arndt et al., 2016). While this is an imperfect solution, the most widely-used 

current computational prophage-finding tools, e.g. PHASTER (Arndt et al., 2016), VirSorter2 

(Guo et al., 2021a), PhiSpy (Akhter et al., 2012), Phigaro (Starikova et al., 2020a), DBSCAN-

SWA (Gan et al., 2022), Prophage Hunter (Song et al., 2019), primarily rely on this strategy. The 

sequence similarity-based searches used by prophage finding tools often rely on the NCBI 

Reference Sequence (RefSeq) database (https://www.ncbi.nlm.nih.gov/refseq/). The RefSeq viral 

collection, as of May 2022, contained nearly 10,000 viral genomes and over 104,000 viral 

proteins (O’Leary et al., 2016). As more bacterial and phage genomes are sequenced and 

annotated, the tools become more equipped to find prophages and improve the confidence of 

their results.  

Prophage finding tools differ in how they utilize the results from similarity-based 

searching. Two of the most common approaches include (i) random forest machine learning 

classifiers followed by att site identification and (ii) assessment of number of consecutive phage 

proteins, specifically the semi-conserved structural genes discussed previously. VirSorter2 and 

PHASTER, the two most widely used tools in current studies, employ the first and second 

approach, respectively. VirSorter2, the next generation of its predecessor VirSorter (Roux et al., 

2015), utilizes a random forest machine learning classifier that varies the parameters of its 

classifier based on genetic characteristics of different viral families (Guo et al., 2021b). In 

contrast, PHASTER predicts prophages based upon the number of consecutive phage proteins in 
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a genomic region and then categorizes that region as ‘not prophage’, ‘incomplete’, ‘questionable’, 

or ‘intact’, with intact being the highest confidence prophage output (Arndt et al., 2016). 

Both tools have been used to predict prophages in microbiota from a wide range of 

environments and genera. For instance, VirSorter2 was used to identify prophages of the gut 

microbiome (Bikel et al., 2022), soil microbiome (Sokol et al., 2022), and sediment microbiome 

(Zhou et al., 2021). Other past work has also used the original release of VirSorter to identify UMB 

prophages in 51 UMB bacterial genera (Miller-Ensminger et al., 2018b). More recently, PHASTER 

was used to identify a novel temperate phage Lu-1 in a UMB strain of Lactobacillus jensenii 

(Miller-Ensminger et al., 2020c). In just the past of couple months, PHASTER has been used to 

predict prophages in studies ranging from vaginal health probiotics analysis (Happel et al., 2022) 

to surveys of K. pneumonia (De Koster et al., 2022) and E. coli and P. aeruginosa (Giannattasio-

Ferraz et al., 2022) from human and bovine samples. 

PHASTER is routinely used when benchmarking new prophage finding tools (Song et al., 

2019; Starikova et al., 2020b) because it consistently performs among the best of the tools currently 

available. It is aptly suited to identify prophages within well-characterized species such as E. coli. In 

a 2020 study on Shiga toxin-producing E. coli strains (Zhang et al., 2020), PHASTER was used to 

identify prophages that are known to be involved in the transfer of Shiga toxin-producing virulence 

genes. The study found 22 prophages, with one or more containing Shiga toxin-producing virulence 

genes, in each of the 8 Shiga toxin-producing E. coli strains analyzed. Additionally, phylogenetic 

analysis revealed high genetic diversity between the prophages identified, further emphasizing the 

efficacy of PHASTER’s ability to predict distinct coliphages.  

Some of the most well characterized temperate phages have come from E. coli. The 

phage λ (discussed in Chapter 1) is a model that helped elucidate the mechanisms of genetic and 
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molecular control over gene expression. Consequently, λ has been among the most studied and 

well-understood bacteriophages. After the characterization of λ, phages subsequently discovered 

that resemble λ genetically or follow the lysogenic lifecycle have been referred to as ‘lambdoid’ 

phages (Casjens and Hendrix, 2015). Over the past decade, 80 genetically similar relatives of λ 

have been isolated and sequenced and hundreds have been identified as prophages integrated into 

bacterial genomes. Despite the fact that the phages above are referred to as ‘lambdoid’, extensive 

sequence and genomic structure variation has been observed (Casjens and Hendrix, 2015).  

While much is known about the model coliphages mentioned, recent studies have shifted 

their emphasis towards the diversity and analogy between phages found in E. coli of different 

natural habitats, with particular focus on the implications of prophages acting as vectors of 

virulence and antibiotic resistance. One area of E. coli prophage diversity research is within 

Shiga toxin-producing E. coli. Shiga toxin-related coliphage diversity has been documented 

(Rodríguez-Rubio et al., 2021). One particular study by Zhang et al., 2020 looked at the diversity 

of Shiga toxin-producing E. coli in 40 strains including the serotypes O26, O45, O103, O111, 

O121, O145, and O157. The group found 54 Shiga toxin-containing prophages using PHASTER. 

It was also shown that induction of Shiga toxin-containing prophages could be triggered in most 

E. coli strains via treatment with EDTA or UV light (Zhang et al., 2020). 

With the increase in the availability of bioinformatic tools for prophage prediction, 

investigations into the diversity of prophages within specific bacterial genera and species have 

been extensively undertaken in recent years. Importantly, despite the increase in phage diversity 

studies in the human gut (Manrique et al., 2016) and oral microbiomes (Szafrański et al., 2021), 

the phage diversity of the human urinary microbiome remains largely uncharacterized. To date, 
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the general diversity of prophages in the human UMB has been assessed by two studies focusing 

on the urinary microbiome and lower urinary tract (Miller-Ensminger et al., 2018a; Garretto et 

al., 2019). VirSorter revealed that 86% of the urinary bacterial genomes analyzed contained at 

least 1 prophage sequence, suggesting that lysogeny is widespread in the human urinary tract 

(Miller-Ensminger et al., 2018a). Additionally, it has been shown that different individual’s 

UMBs can harbor related prophages (Brassil et al., 2020; Miller-Ensminger et al., 2020c, 2020c). 

Furthermore, similar and related prophages have been found in the UMBs of humans and other 

animals (Giannattasio-Ferraz et al., 2022). 

Here, we present a comprehensive catalog of the E. coli infecting prophages of the UMB. 

This chapter investigates the diversity of UMB E. coli prophages. Using PHASTER and all 

publicly available urinary E. coli genomic assemblies, we identify the genetic similarities 

between predicted UMB E. coli prophages. We also assess predicted prophage diversity through 

the identification of antibiotic resistance, virulence, and integrase genes. 
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Methods 

Urinary E. coli Genomes. 

All publicly available E. coli complete and draft genomes in NCBI that were documented 

as being collected from urine or the urinary tract (in the genome metadata) as of February 2021 

were downloaded. 906 genomes meeting this criterion were obtained from NCBI; 2 sequences 

were removed due to quality concerns, as both genomes contained >300 scaffolds. Thus, the 

final set includes 904 E. coli genome assemblies (Supplemental Table 1). Additionally, 57 

unpublished, recently assembled E. coli genome assemblies, from transurethral catheterized 

urine samples, were obtained from the Wolfe Lab (Loyola University of Chicago, Maywood, 

IL). All files were in FASTA format. Thus, the complete set includes 961 genome assemblies. 

E. coli Prophage Prediction. 

Prophages were predicted using the online phage prediction tool PHASTER 

(https://phaster.ca/) (Arndt et al., 2016). A Python script was written to submit genome 

assemblies and retrieve results via the PHASTER API. Once the results were retrieved, the 

Python script separated the predicted prophage sequences based on their PHASTER prediction 

category: “intact,” “questionable,” and “incomplete” prophage sequences. 

 All intact prophage sequences were compared via local BLASTn queries to a database of 

all complete and partial genome sequences in GenBank as of February 2021 (Organism: “Virus” 

and Division: “PHG”). This database includes 26,381 sequences. BLAST hits with a query 

coverage greater than 50% and a percent identity greater than 70% were determined to be related 

phages and the associated taxonomies of the homologous database records were used to predict 

the taxonomies of the queried prophages. 
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` Assessment of the prevalence of identical prophages within PHASTER-predicted 

prophages was performed with a Python script.  

E. coli Prophage Network Construction. 

Using Anvi’o 6.2 (Eren et al., 2015), the intact prophage sequences were annotated, and a 

coliphage pan-genome was constructed. Prophage sequences were made into an Anvi’o database 

annotated using the ‘anvi-run-hmms’ command. The annotated prophage sequences were then 

used to produce a coliphage pan-genome using the Anvi’o ‘anvi-pan-genome’ command with an 

mcl-inflation of 2 and a minbit of 0.35 to identify homologous genes among the prophage 

sequences. 

 An R script (www.R-project.org) was written to derive a network of prophages. The 

methods described here for phage network construction were adapted from our prior work 

(Shapiro and Putonti, 2018a). Using the output result (mcl-cluster.txt) of the Anvi’o-mediated 

clustering using the Markov Clustering Algorithm (MCL), the MCL results were translated into a 

genome-gene presence/absence matrix, P, in which each entry {i,j} was 1 if virus genome i 

contained a homolog found in gene cluster j. This matrix is equivalent to the adjacency matrix 

for a bipartite network of phage genomes and genes. Adjacency matrices for the genome and 

gene level networks were then created as Agenome = sign(P × PT) and Agene = sign(PT × P), where 

T indicates the matrix transpose. The sign() function replaced all nonzero entries resulting from 

the original matrix products with a 1, converting the matrices from weighted to unweighted 

adjacency matrices. These matrices were then transformed into undirected graphs and 

corresponding edge lists using igraph (https://igraph.org/). Thus, for the genome-level network, 

two genomes are considered connected if they share any genes. The connections were filtered 
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using a normalization calculation: w = (# of shared genes between genomes 1 & 2) / sqrt(size 

genome 1 * size genome 2). By designating a minimum value of w (minw) that allows for an 

edge to be drawn between two genomes only if w > minw, the edges were filtered to construct 

networks of differing connectivity. 

 The edge-lists constructed from the edge-drawing Rscript were then visualized using 

Cytoscape 3.9.1 (Shannon et al., 2003). The prophage gene similarity network was constructed 

using a minw of 0.3 (>=30% gene similarity for each edge).   

Bridge Prophage Multiple Sequence Alignment 

All bridge prophage connections within the phage network (nodes connected to bridge 

prophages via an edge) were identified for the 6 bridge prophages using a Python script. 

Identified bridge prophages and connection sequences were appended into a multifasta file using 

a Python script. The multifasta files were individually inputted into Mauve 2.4.0 

(https://darlinglab.org/mauve/mauve.html) for alignment (Darling et al., 2004). The resulting 

alignments were interpreted visually. 

Prophage Integrase Gene Annotation, Clustering, and Tree Construction. 

The PATRIC online tool (https://www.patricbrc.org/) was used to annotate the predicted 

prophage genomes (Davis et al., 2019). The phage sequences were uploaded onto the web 

interface, the job was submitted using the following parameters: ‘Domain’: Bacteriophages, 

‘Taxonomy Name’: Escherichia coli, ‘Genetic Code’: 11 (Archea and most Bacteria), and 

‘Annotation Recipe’: Bacteriophage. The resulting .gb files were pulled.  

All prophage annotated genes containing ‘integrase’ in the description were added to a 

multi-FASTA file and clustered using USEARCH 11.0.667 (https://www.drive5.com/usearch/) 
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(Edgar, 2010). Two clustering thresholds were tested, -id 0.9 and 0.7. Kalign 2.04 

(https://github.com/TimoLassmann/kalign), with default parameters, was used to produce a 

multiple sequence alignment of all prophage integrase genes (Lassmann and Sonnhammer, 

2005). Visual inspection of the multiple sequence alignment was done using Geneious Prime 

2021.2.2 (Dotmatics, Auckland, NZ). Partial integrase gene sequences were identified and 

removed from the data set. The remaining integrase gene sequences were again aligned using the 

default parameters in Kalign. The resulting FASTA formatted multiple sequence alignment was 

inputted into FastTree 2.1.11 (http://www.microbesonline.org/fasttree/) using the -gtr and -nt 

settings to produce an approximately-maximum-likelihood phylogenetic tree (Price et al., 2010). 

The resulting Newick format tree file was visualized using iTOL 6.5.2 

(https://itol.embl.de/about.cgi) (Letunic and Bork, 2021).  

Prophage Antibiotic Resistance + Virulence Factor Identification. 

 Antibiotic Resistance genes within prophage genomes were predicted via the RGI 5.2.1 

tool (https://github.com/arpcard/rgi) which utilizes the CARD Antibiotic database (Alcock et al., 

2019). RGI was installed locally using conda (https://docs.anaconda.com/). The CARD database 

(Version 3.1.4) was downloaded locally. The RGI program was run using default parameters.  

The full dataset of known bacterial virulence factor gene sequences 

(http://www.mgc.ac.cn/VFs/download.htm) was downloaded March 2021. Using the local 

BLASTn package within BLAST+ 2.9.0, each prophage sequence was queried to a BLAST 

database, made using the ‘makeblastdb’ command, from the dataset of known bacterial virulence 

factor gene sequences. The BLASTn was run with the parameter -evalue 0.001. Hits of <90% 

sequence identity and query length <90% of the virulence factor gene sequence were removed 



 

 

23 
from consideration. Homologous hits were filtered out using the qstart (query start) and qend 

(query end) values output by BLAST. If hits had qstart values within 500 bp of each other, only 

the hit with the highest percent identity value was kept. The virulence factor gene descriptions 

were determined using VFDB. 

Results 

Urinary E. coli Prophage Prediction. 

Prophages were predicted for 961 urinary E. coli genome assemblies, including 128 

genomes from Loyola’s isolate collection. In total, PHASTER predicted 8,987 potential 

prophage sequences. This included 3,177 intact, 1,656 questionable, and 4,154 incomplete 

prophage sequences. Only prophage sequences from the highest confidence group, the intact 

prophages, were used in downstream analysis. Among the PHASTER-predicted intact 

prophages, there were 1,225 predicted prophages that actually represented 607 unique prophages 

because they were identical to at least one other prophage identified in another bacterial isolate. 

While 48 E. coli genomes did not contain a predicted intact prophage sequence, most genomes 

harbored more than one intact prophage (average of 3.30 predicted intact prophages per genome) 

which is visualized in Figure 3. Strains with intact prophage sequences included both genomes 

from public databases as well as genomes from Loyola’s isolate collection. Furthermore, the 

same propahge sequence was found in different strain; the most pevalent intact prophage 

sequence was identified in 33 different E. coli sequences. 
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Figure 3. Histogram of prophage per genome distribution of intact prophages predicted by 
PHASTER among 961 urinary E. coli genome assemblies.  

Prophage Antibiotic Resistance and Virulence Factor Gene Prevalence in Prophages. 

187 of the 3,177 prophage sequences were found to contain antibiotic resistance genes 

and a total of 314 antibiotic resistance genes were identified. Of the 314 antibiotic resistance 

genes, 23 drug class resistances were represented, the most common being “aminoglycoside 

antibiotic; aminocoumarin antibiotic” resistance from 84 of the 314 genes identified. The other 

drug classes most represented were “macrolide antibiotic”, “fluoroquinolone antibiotic; 

monobactam; carbapenem; cephalosporin; glycylcycline; cephamycin; penam; tetracycline 

antibiotic; rifamycin antibiotic; phenicol antibiotic; triclosan; penem”, “aminocoumarin 

antibiotic”, and “aminoglycoside antibiotic”. The five drug classes listed here represent 74.5% of 
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the antibiotic resistance genes found in the prophage sequences. Of the individual antibiotic 

genes, emrE was the most frequently identified (n=50). Additionally, marA, baeR, baeS, and 

mdtC were common antibiotic resistance genes; collectively, these five genes accounted for 

58.6% of all antibiotic genes found.  

In total, 543 of the 3,177 prophage sequences contained known virulence factor genes. 

There was a total of 1,451 individual virulence factor genes identified, representing 211 unique 

virulence factor genes. The most common virulence factor gene was aiiQ with 137 occurrences. 

The other most represented virulence factor genes were sitA (iron ABC transporter substrate 

binding component), YPK_3315 (invasion), ipaH (hypothetical prophage protein), aaiR, and sitD 

(sitD protein) which represent 27.3% of the virulence factor genes predicted. 

Exploring the Diversity of Urinary E. coli Prophages. 

To characterize the genomic diversity of the predicted intact prophage sequences, the 

content of each pair of prophage sequences was compared (see Methods) and visualized using a 

network (Figure 4). In this network, the nodes represent individual intact prophage sequences, 

the edges represent prophage genetic similarity, with the darkness of each edge representing the 

amount of similarity. The network uses a 30% gene similarity metric threshold to draw an edge 

between two nodes, meaning that for an edge to be drawn, the two prophages need to contain 

>=30% of the same genes. The 30% gene similarity threshold was selected to maximize the 

number of nodes (prophages) included in the network while reducing noise caused by low 

similarity edges between prophages. 

The network contains 10 independent connected components. Of the 3,177 prophage 

genomes predicted by PHASTER, 3,164 are represented in Figure 4 following application of the 
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threshold. 451,027 total edges are included in the network connecting the 3,164 prophages. The 

color of each node in Figure 4 is representative of the prophage sequence’s taxonomic family as 

determined by a local BLAST analysis against a database of taxonomically known phage 

sequences. In the network there were 1,402 “Unknown” taxa, 822 “Myoviridae”, 763 

“Siphoviridae”, 120 “Podoviridae”, 50 “Unclassified Caudovirales”, and 20 “Unclassified 

Bacterial Virus”. The “Unknown” group encompasses sequences that did not return any 

significant taxonomic hits. Overall, the network exhibits clustering of phage sequences that are 

from the same taxonomic family reflecting the general phylogenetic organization of the network. 

Note: all mentions of lower-case letters in quotations (e.g., “n”) are references to independent 

connected components labelled in Figure 4. The Unknown phage sequences also cluster together 

within independent connected component “a,” they are also found in four of the smaller 

independent connected components (“b”, “c”, “e”, and “f”). The clustering of these intact 

prophage sequences, especially those in separate independent connected components, suggests 

the potential presence of novel, unclassified viral taxonomies within urinary E. coli isolates.  

The largest independent connected component labeled “a” contains 2,864 nodes. The 

large clusters of nodes generally follow taxonomic classifications and are connected to each 

other by “bridge prophages” labelled by red roman numerals in Figure 4. These bridge 

prophages represent the intact prophage sequences (I) GCF_002416865_4_NZ_NXIR0, (II) 

GCF_013372345_18_NZ_CP05, (III) GCF_000503275_1_NZ_AYQK0, (IV) 

GCF_000460075_6_NZ_KE701, (V) GCF_003886275_12_NZ_RRVO, and (VI) 

GCF_004116695_2_NZ_CP035. The bridge prophages labelled in the network represent 

prophage sequences that share gene content with two or more clusters and increase overall 
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connectivity of the network. Since edges require >=30% of the same genes, these bridge 

prophages exhibit genetic chimerism suggesting their evolutionary intermediate position between 

two groups. When bridge prophage sequences were aligned to their adjacent prophage sequences 

(nodes), it was found that the sequences contained similar modules (contiguous set of genes). 

These modules were usually >1kb in size. Each of the bridge prophages contained one or more 

modules to prophage sequences of one subcluster and one or more modules to prophage 

sequences of the other subcluster. 

Three different viral families as well as intact prophages of “Unknown” taxonomy are 

connected within the independent connected component “a”. The connectiveness of this large 

cluster confirms that there are conserved genes among tailed phages (Caudovirales; families 

Myoviridae, Podoviridae, and Siphoviridae). While not a perfect solution, the conserved genes 

that characterize this large cluster could be used as candidates to search for urinary coliphages. 

Moreover, “Unknown” prophages within this independent connected component can confidently 

be predicted to be tailed phages. The independent connected component “b” presents an 

interesting cluster of intact prophages that share <30% of genes with all other analyzed intact 

prophages. Additionally, the classification of all intact prophages within independent connected 

component “b” as belonging to “Unknown” taxonomies suggests that these may be novel, 

uncharacterized coliphages. 
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Figure 4. Prophage network produced from the percent similar genes found between intact 
prophage sequences predicted by PHASTER. Nodes represent intact prophage sequences and are 
colored based on similarity to known phage sequence taxonomies as determined by BLAST. 
Edges are representative of >=30% shared genes between two intact prophage sequences. Edge 
boldness is representative of gene similarity, darker indicates higher proportion of shared genes. 
Network includes 10 independent components labelled by teal lower-case letters. Within the 
largest independent connected component, connections between clusters by “bridge prophages” 
are labelled with red roman numerals I-VI.  

Investigating the Diversity of Urinary E. coli Prophage Integrase Genes. 

Annotation of the predicted prophage sequences identified 1,938 prophages encoding for 

integrase genes. In total, there were 2,186 integrase genes were identified. The average 

nucleotide length of the integrase genes identified was 1,082 bp while the median nucleotide 

length was 1,130 bp. Clustering of the prophage integrase gene sequences with a 90% nucleotide 

sequence similarity threshold resulted in 106 unique integrase gene clusters. The largest cluster 

contained 130 integrase genes. Most of these clusters were small; 27 contained only one 

integrase gene and an additional 27 contained ≤ 5 integrase genes. After relaxation of this 
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threshold, stipulating only 70% nucleotide sequence similarity, all integrase genes formed a 

single cluster which was then aligned and manually inspected. 162 integrase gene sequences 

were identified as partial sequences and removed from further analyses. The resulting sequences 

were realigned, and a phylogenic tree was derived (Figure 5).  

  

 

Figure 5. Maximum likelihood phylogenetic tree depicting the sequence similarity of integrase 
genes annotated in predicted intact urinary E. coli prophage sequences. Branch lengths represent 
evolutionary time.  

Discussion 

UMB E. coli Prophage Prediction. 

While UMB prophages have been predicted and catalogued previously (Miller-

Ensminger et al., 2018a), only four E. coli genomes were considered. This study focuses more 

specifically on the identification and classification of urinary E. coli prophages from 
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significantly more urinary E. coli sequences (n=961). The genetic diversity of E. coli strains has 

been previously documented in the urinary tract (Garretto, 2019; Garretto et al., 2020), and here 

we have identified prophages that may contribute to increasing this diversity. We found that 

prophages are ubiquitous in urinary E. coli strains; only 5% of UMB E. coli sequences contained 

no prophages. Furthermore, as was previously found (Miller-Ensminger et al., 2018a), urinary E. 

coli strains often contain more than one intact prophage. Here, we found that there was an 

average of >3 predicted prophages per urinary E. coli genome.  

Although the first version of VirSorter2 was released at the time this study was initiated, 

we chose to use PHASTER, given its reliability and its prior success in identifying coliphages 

(Zhang et al., 2020). It should be noted that PHASTER has limitations as a prophage prediction 

tool. For instance, our study did not predict any intact prophages that were members of the viral 

family Inoviridae (inoviruses). Inoviruses are different from the more prolific tailed phages (of 

the viral families Myoviridae, Siphoviridae, and Podoviridae) in that they have a ssDNA 

genome, can follow a chronic life cycle, and are physically filimentous in form (for more 

information about inoviruses see (Roux et al., 2019)). Current computational approaches, 

including PHASTER, are not effective at identifying inoviruses (Roux et al., 2015, 2019). 

Previously, we have identified inoviruses in UMB E. coli (Shapiro and Putonti, 2020). Moreover, 

novel, previously uncharacterized phage taxonomies are difficult for computational tools to 

identifty, as discussed in Chapter 1. It should also be noted that false positive preditions are 

likely as well. The prediction of ‘cryptic prophages’ that are no longer functional may be 

erroneously predicted as intact. Despite these limitations, PHASTER has proven to be a 

rigorously tested and applied tool for prophage identification and therefore provides an 



 

 

31 
inaccurate but useful glance at the diversity of currently identifiable prophages within urinary E. 

coli. 

Antibiotic Resistance Gene Prevalence. 

 All predicted prophages were screened for antibiotic resistance and virulence factor genes 

because of the potential impacts these known, well characterized genes can have on host 

phenotype and human health. There is little work characterizing the prevalence of the antibiotic 

resistance genes of bacteriophages in the human UMB. Most of the work done in this field is in 

relation to wastewater and do not offer quantitative genome analysis of the coliphages studied. 

Rather, they state the presence of coliphages with antibiotic resistance genes found in wastewater 

and that they present a public health threat (Calero-Cáceres and Muniesa, 2016). It is not directly 

known if prophages can influence a host’s antibiotic resistance phenotype but studies have 

reported that antimicrobial resistance genes are present in the phage or prophage region, which 

suggests prophage involvement in antibiotic resistance phenotypes (Kondo et al., 2021).  

There is extensive work on the antibiotic resistance genes found in E. coli, especially 

within urinary pathogenic (UPEC) strains (Kot, 2019). It should be noted that since antibiotic 

resistance of urinary E. coli is a growing health concern, it is relevant to assess the antibiotic 

resistance gene prevalence within predicted urinary E. coli prophages. Interestingly, results 

suggest that prophages with at least one antibiotic resistance gene usually contained more than 

one antibiotic resistance gene. In the literature, the most common UPEC antibiotic resistance is 

to the fluoroquinolone antibiotic class (Kot, 2019). In the antibiotic genes identified, the most 

prevalent antibiotic drug class resistance targets were aminoglycosides, aminocoumarins, and 

fluoroquinolones. Combined, the three most targeted antibiotic drug classes accounted for 60% 
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of observed antibiotic resistance gene targets. In the literature, aminocoumarin and 

aminoglycoside antibiotics are reported to be commonly used in concert with fluoroquinolone 

antibiotics to treat complicated, severe urinary and kidney related bacterial infections, including 

UTIs (Heide, 2014; Goodlet et al., 2019). Thus, it is not surprising to find resistance to the 

aminocoumarin, aminoglycoside, and fluoroquinolone antibiotic drug classes in urinary 

coliphages. There is a low prevalence of predicted prophages containing antibiotic resistance 

genes (5.9%), but the identification of even this small proportion suggests that urinary coliphages 

could play a role in the phenotypic antibiotic resistance exhibited by some strains of urinary E. 

coli.   

Virulence Factor Gene Prevalence. 

 Unlike antibiotic resistance, significant work has been done on the identification and 

characterization of virulence factor genes found in bacteriophages (Wagner and Waldor, 2002). 

Most characterization of virulence factors in coliphage has been done in relation to the known 

pathogenic E. coli O157:H7 strains. O157:H7 strains of E. coli possess ‘lambdoid' prophages 

that house genes responsible for enterohemorrhagic Shiga toxin production. It has been found 

that the induction of virulence factor-possessing prophages, primarily in response to antibiotic 

treatment, can worsen symptom severity in patients (Łoś et al., 2011). Additionally, there has 

been work on the presence of virulence factors found in UPEC strains. The most common 

virulence factor in UPEC strains are ‘fimbriae’ which aid in cell surface adhesion, tissue 

adhesion, and biofilm formation (Shah et al., 2019). There has not been previous work assessing 

the virulence factor prevalence in UMB coliphages. We found that 543 (17%) of the predicted 

prophages contained at least one virulence factor gene. The most prevalent single gene aaiQ, 
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along with the less predicted but still prevalent gene aaiR, are predicted pseudogenes that have 

been linked to enteroaggregative E. coli pathogenesis (Dudley et al., 2006). These virulence 

factor genes are not fully understood but seem to be involved in the regulation of chromosomal 

virulence factor transcription (Dudley et al., 2006). As for genes that have known protein 

products, most belong to groups that function in iron uptake (sit and ius genes) and as adhesins 

(fim and pap genes) (Sarowska et al., 2019). Importantly, this analysis found that urinary 

coliphages can contain virulence factor genes. Since coliphages with virulence factor genes have 

been shown to impact the pathogenic phenotypes of their bacterial hosts, particularly with the 

Shiga toxin in pathogenic E. coli (Łoś et al., 2011), the fact that we found virulence genes in 

urinary coliphages that are common in UPEC suggests that coliphages could be contributing to 

E. coli virulence in the human UMB. 

Urinary E. coli Prophage Diversity. 

 To assess the relatedness of phages, we used a gene co-occurrence network, an approach 

that has been used previously by our and other groups (Lima-Mendez et al., 2008; Shapiro and 

Putonti, 2018b). The visualization of prophage sequences based on the sharing of genes allows 

for the reflection of phage similarity despite the lack of a universally conserved set of core phage 

genes. Importantly, the approach described above allows for the inclusion of distant relationships 

within the network while capturing taxonomic structure (Lima-Mendez et al., 2008). 

 Our network shows that the largest independent connected component (component “a”), 

contains 90% of predicted prophages. This suggests a shared gene pool among urinary temperate 

phages. This could carry implications for the curation of a set of highly conserved coliphage 

genes that could be used for taxonomic prophage identification within urinary E. coli isolates.  
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 From visual inspection of the network (Figure 4), we can see that prophages of the same 

predicted viral family are often more tightly connected, i.e., have more and/or darker edges 

connecting the nodes. The prophages that connect the different clusters of like taxonomies 

(bridge prophages) are of interest for their insight into phage evolution and phage genetic 

chimerism. Because phages are known to be mosaic in genomic make-up, exhibiting abrupt 

changes between homologous and analogous genomic segments in relation to other highly-

related phages (Campbell, 2003), and experience recombination events frequently (Hendrix, 

2002), the bridge prophages found between two taxonomically distinct prophage clusters could 

represent prophages that defy a traditional Linnean taxonomic classification. Much debate over 

phage taxonomic classification has been presented in recent decades (Nelson, 2004) and phage 

taxonomic classification in the current Linnean system is still limited (Turner et al., 2021). Thus, 

these bridge prophages present an interesting example of the limitations of the current taxonomic 

system. Further, these phages could even provide insight into the interesting evolutionary 

questions about the expansion or change in host range. Further analysis of these bridge 

prophages against prophages of other, closely related bacterial genera, such as Salmonella, could 

provide interesting information about phage evolutionary relationships between host genera and 

prophage genetic composition. Phages capable of infecting across urinary isolates of 

Proteobacteria have previously been identified by our group (Shapiro and Putonti, 2020). 

 Notably, there are also 9 smaller independent connected components (“b”-“j”). The most 

interesting of these genetically isolated prophage groups are the independent connected 

components “b”, “c”, “e” and “f”. These four independent connected components show high 

interconnectedness between prophages within these components and contain prophages that are 
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taxonomically “Unknown.” Because of their unique gene content and high interrelatedness, it is 

possible that these phages are novel species and should be explored in future studies. 

Additionally, the unknown prophages in the main independent connected component could help 

expand current knowledge of known phage taxonomic groups because they were identified by 

PHASTER yet are still-to-be characterized in lytic forms. Given their connections with 

characterized prophages, i.e., number of connections, we could reasonably predict their 

taxonomy.  

Integrase Gene Diversity. 

 Only 61% of the prophages examined contained an integrase gene. It should be noted that 

the integrase gene is typically located at one of the termini of the integrated prophage sequence. 

In prophage prediction, one of the most challenging computational problems is determining 

where the prophage genome begins and ends in relation to the host bacterium’s genome. Thus, it 

is likely that the integrase gene of an incomplete predicted prophage would not be present in its 

predicted genome. Additionally, integrase genes are known to be diverse between and within 

phage families (Balding et al., 2005), making sequence-similarity annotation approaches 

challenging and presents a bias that increases the chance of missing integrase genes in 

uncharacterized phages. Importantly, there is only one known family of integrases in E. coli-

infecting temperate phages – tyrosine integrases (Fogg et al., 2014). Temperate phages from 

other bacterial species like Staphylococcus aureus have been shown to contain phages exhibiting 

integrases from multiple integrase gene families (Goerke et al., 2009). Since all known E. coli 

temperate phage integrases are from the same gene family, and we observed that these genes 

remain relatively conserved, temperate coliphage genes should be studied further for their 
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potential to be used in identifying, taxonomically classifying, and discerning evolutionary 

relationships between temperate UMB coliphages.  

Studies done on the integrase diversity of Salmonella enterica-predicted prophages, an 

evolutionarily close relative of E. coli, have reported similarities to what we found here. Mainly, 

that the diversity of prophage integrase genes can be a good predictor of the diversity of entire 

prophage sequences (Colavecchio et al., 2017). It has also been shown that the integration sites 

of both coliphages and S. enterica-infecting phages are within conserved host intergenic regions 

(Bobay et al., 2013). These findings suggest there is likely homology between the integrase 

genes of coliphages and S. enterica-infecting phages and suggests evolutionary links between the 

phages of these two closely related bacterial hosts.  
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CHAPTER 3 

UROBIOME COLIPHAGE INDUCTION AND HOST CHANGE CONFIRMATION 

EXPERIMENTS 

Introduction 

As discussed previously, prophage prediction tools can predict the presence of prophages 

in bacterial genomes, but they are unable to determine if those prophages can enter the lytic life 

cycle. Thus, the best current method for determining if prophage sequences are temperate phages 

is experimental induction testing. The mechanisms that trigger prophage induction are still only 

partially understood and it is likely that, like phages themselves, there is significant diversity 

between and even among phage families in what triggers their induction (Bruce et al., 2021).  

It has been shown that some prophage induction is dependent on signaling molecules. 

Work done in the bacteria Bacillus subtilis and its phage phi3T has shown that phages use 

signals to make informed decisions regarding prophage induction. These signals are produced by 

lysogens and over time those signaling molecules are degraded by hosts in a density-dependent 

manner. The declining signal molecule concentrations therefore potentially indicate the presence 

of uninfected hosts and trigger prophage induction (Bruce et al., 2021). In other circumstances, 

bacterial host cell health is regarded as the trigger of prophage induction as discussed by (Ball 

and Johnson, 1991).  

In the laboratory setting, manipulation of a bacteria’s growth environment is both a 

practical and reliable method for prophage induction. Methods such as using Mitomycin C (Raya 
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and H’bert, 2009), norfloxacin (McDonald et al., 2010), hydrogen peroxide concentrations (Łoś 

et al., 2010), pH (Miller-Ensminger et al., 2020a), and many others have been documented. Of 

the prophage induction methods listed, Mitomycin C is the most popular method used (Martín et 

al., 2006). Notably, Mitomycin C is a chemotherapeutic molecular agent secreted by soil fungi 

and thus is not naturally found within the human UMB (Raya and H’bert, 2009). In recent years, 

phage induction strategies have shifted towards conditions relevant to the human body to mimic 

conditions that may occur in vivo (Oh et al., 2019; Miller-Ensminger et al., 2020a). 

In multiple studies presented thus far, it has been shown that many urinary prophages can 

enter the lytic life cycle and can, therefore, be classified as temperate phages. It has been shown 

that altering the pH of incubation media by biologically relevant amounts can cause the induction 

of temperate coliphages (Miller-Ensminger et al., 2020b). The pH method for induction was 

developed because it is a bladder-relevant stressor. For most healthy individuals, the pH of 

collected urine samples lies between 5 and 8 (Simerville et al., 2005), but is known to deviate for 

certain health conditions, such as a more acidic urine in diabetic patients (Maalouf et al., 2007). 

Fluctuations in the pH of urine likely impact the microbiota of the bladder and urinary tract and 

are therefore applicable for the cataloguing of UMB temperate coliphages. 

Temperate phages, after being induced, enter the lytic cycle. The lytic cycle implies 

virion replication and host cell lysis. The lysis of the host cell causes the death of that cell and 

the release of phage progeny into the surrounding environment (Hatfull and Hendrix, 2011). 

Ideally, for the phage, another bacterium within its host range is accessible, allowing for 

infection and either lysogeny or lysis depending on the environmental circumstances (Hyman 

and Abedon, 2010b). This reinfection following lysis is impacted by a number of factors, 
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particularly those that govern lysogenic phage infection in the first place. This includes phage-

host cell receptor compatibility, the absence or ineffectiveness of bacterial phage-defense 

mechanisms (such as superinfection protection or CRISPR-Cas systems), and a proper attB 

integration location within the bacterial host’s genome or plasmid (Casjens and Hendrix, 2015). 

All this amounts to stating phage re-infection and integration are not simple or certain.  

Understandably, phage host range is usually narrow because of the highly host-specific 

nature of many of the host defense evasion strategies employed by phages (Seed, 2015). Thus, 

characterization of phages based on their host range is useful as a means for describing phages 

based on phenotype. For obligately lytic phages, those that do not possess the ability to integrate 

into a host’s genome, the test of host range is straightforward – does the phage lyse the host or 

not? For temperate phages, the testing of host range is more nuanced because of the possibility of 

lysogeny. With a lysogenic infection, direct phenotypic changes or outwardly observable lysis 

can be absent; therefore, providing inconclusive results regarding host range (Howard-Varona et 

al., 2017). 

In an in vivo environment, phages often drive community dynamics through direct lysis 

(Santos et al., 2015), as well as horizontal gene transfer within a bacterial population 

(Borodovich et al., 2022). Recent studies have shown that phages with a broad host range, 

capable of infection and/or absorption by multiple species, can contribute to horizontal gene 

transfer between bacterial populations (Chen et al., 2015). This is particularly relevant in the 

context of temperate phages that contain genes that code for virulence factors, antibiotic genes, 

or other genes that could impact community dynamics via lysogenic conversion. 



 

 

40 
 Testing the host range of temperate phages experimentally presents challenges that are 

mentioned above. To test for lysis by mixing induced phage lysate with a host and visually 

inspecting for lysis is one method, but it could be inconclusive due to the possibility of 

integration instead of lysis. If lysis is not observed,  lysogeny could be tested for by using PCR 

primers that target the integration site of the temperate phage after induced phage and host 

incubation (Chen et al., 2020). However, this approach is challenging for phages and bacteria 

that are not well characterized or studied. Another approach involves the genetic engineering of 

an induced temperate phage, rendering that phage obligately lytic. This approach involves the 

identification and removal of the temperate phage’s integrase gene via restriction enzyme (RE) 

cleavage. It is well documented and described in Chapter 1 that for coliphages, the integrase 

gene product is responsible for catalyzing the reaction that allows the temperate coliphage to 

integrate into a bacterial host’s genome. Thus, by removing all or part of the integrase gene from 

a temperate phage’s genome, the temperate phage can be forced to follow only the lytic life cycle 

after infection. This phenotypic conversion of the prophage allows for the host range to be 

assessed using the well documented methods used for obligately lytic phages without the 

uncertainty associated with the lysogenic cycle (Monteiro et al., 2019; Johnson et al., 2022). 

The concept of phage engineering has been in circulation for decades, particularly since 

the first genomic modifications and genetic cloning experiments of the coliphage λ were 

presented in the 1970s (Casjens and Hendrix, 2015). Since then the genetic modification of 

viruses has exploded, providing advances from DNA libraries (Zabarovsky et al., 1993) to cancer 

treatments (Gutierrez-Guerrero et al., 2020).  
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Temperate bacteriophage genetic modification has become a hot topic in recent years 

because of its potential use in phage therapies (Monteiro et al., 2019).  Phage therapy is the 

treatment of a patient that presents a serious bacterial infection exhibiting antibiotic resistance. 

Obligately lytic bacteriophages that are known be able to infect and lyse the bacteria presumably 

causing symptoms in the patient are used to treat the antibiotic resistant infection (Monteiro et 

al., 2019). This approach has been shown to be effective in multiple cases with different bacteria 

and antibiotic resistance phenotypes (Kortright et al., 2019). Generally, temperate phages are not 

ideal candidates for phage therapies at present because of the uncertainty they introduce because 

of their ability to follow both the lytic and lysogenic life cycles. However, the modification of 

temperate phages to obligately follow the lytic life cycle can vastly expand the available phages 

for therapeutic use. 

Using human relevant UMB conditions, we set out to experimentally induce and 

propagate temperate UMB coliphages. Once propagated, the temperate UMB coliphages were 

then screened for sequence identity matches with any of the prophages predicted by PHASTER 

using PCR. We then used the PHASTER predicted prophage sequences to successfully engineer 

one of the induced temperate UMB coliphages into an obligately lytic coliphage by the cleavage 

of its integrase gene. The host range of this engineered phage, d700, was then assessed in 

comparison to its integrase-containing precursor phage, i700, among different UMB E. coli 

strains to gain insights into the possibility of visibly unidentifiable infection by i700 because of 

its participation in the lysogenic lifecycle.  

 

 



 

 

42 
Methods 

Prophage Induction. 

49 urinary isolates of E. coli, all collected via transurethral catheterization, were used for 

induction experiments. All 49 strains had been sequenced and assembled prior to this work. All 

strains were included in the PHASTER prophage prediction discussed in Chapter 2.  

These strains were obtained from the Wolfe lab and were isolated through prior IRB-

approved studies see (see APPENDIX C for more information). The urinary isolated E. coli 

were selected for attempted induction based upon their PHASTER prophage prediction results 

(Chapter 2); all isolates were predicted to contain at least one intact prophage sequence.  

PHASTER predictions from sequenced isolates within our lab’s collection (obtained from 

Alan J. Wolfe [Loyola University Chicago, Maywood, IL]) were screened for the well 

characterized λ prophage sequence by BLAST+ 2.9.0. The λ RefSeq entry, GenBank Accession 

no. NC_001416.1, was used as the query against a database of the predicted prophage sequences 

from our collection. This database was produced by using the ‘makeblastdb’ command. E. coli 

isolates with >95% nucleotide sequence identity were considered positive for containing a λ-like 

phages. Details about the BLAST hits can be found in (Table 1). 

Table 1. Results of phage λ BLAST screening. The bacterial strains identified below were 
avoided for attempted phage induction because of the presence of a λ-like prophage. 

Prophage Sequence % Similarity Region 
Length 

AWS746_S52_L002_contigs_3_NODE_39 96.798 25780 
AWS760_S57_L002_contigs_3_NODE_11 95.413 16187 
AWS758_S56_L002_contigs_2_NODE_13 95.393 16175 
AWS605_S25_L002_contigs_1_NODE_18 96.034 10233 
AWS861_S80_L002_contigs_4_NODE_28 97.178 26090 
AWS767_S60_L002_contigs_4_NODE_18 97.963 25955 
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AWS488_S312_L002_contigs_1_NODE_10 95.787 17101 
AWS788_S66_L002_contigs_3_NODE_10 95.413 16187 
AWS863_S81_L002_contigs_2_NODE_22 98.297 26232 

 

For pH-based induction, we used a previously described protocol (Miller-Ensminger et 

al., 2020b). Briefly, urinary E. coli isolates were first streaked from a freezer stock onto 1.5% LB 

agar plates and incubated overnight at 37°C. Overnight cultures were then prepared by 

inoculating a single colony into 5 mL liquid LB and incubating at 37°C with shaking overnight. 

The overnight culture was then subcultured by adding 1 mL of overnight bacterial culture into 3 

mL of pH-adjusted liquid LB. This step was performed for three LB pH values (pH = 4, 7, and 

9). pH of 4 was produced using 1M HCl, nothing was altered about LB of pH 7, and pH of 9 was 

produced using 2.5M NaOH, pH was tested using Hydrion pH paper 

(https://www.microessentiallab.com/). The altered pH subcultures were grown overnight at 37°C 

with shaking. These pH-adjusted overnight cultures were then filtered using a 0.22 um CA 

syringe filter. Filtrate was spotted onto 3 different lab strains of E. coli (C, B, and K-12): pipetted 

10 µL phage filtrate spots onto 3 mL LB soft agar (SA) [0.7% agar], and 0.5 mL overnight 

bacterial culture mixed and spread atop a 1.7% LB agar plate. The mixture of SA and bacterial 

culture on a LB agar plate as described above is called a lawn. Each pH treated spotted plate was 

incubated overnight at 37°C. If individual plaques or clearance was visible, the spot was 

harvested by scraping the visible clear plaque off the overnight spotted plate and inoculating it 

into 1 mL liquid LB and vortexed for 10 minutes. The inoculated plaque was then centrifuged at 

12,000 x g for 1 minute and filtered using a 0.22 µm CA syringe filter. The filtrate was then used 

to produce a pour plate with the lab E. coli strain that the plaque was harvested from: 100 µL 

induced phage filtrate, 3 mL LB soft agar (SA) [0.7% agar], and 0.9 mL overnight bacterial 
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culture mixed and spread atop a 1.7% LB agar plate. The pour plate was incubated overnight at 

37°C. If plaques were observed, single plaques, representative of different plaque morphologies 

if present, were harvested by piercing the visible plaque with a p1000 pipette tip, inoculating the 

harvested plaque in 1 mL liquid LB, vortexing for 10 minutes, centrifuging for 1 minute at 

12,000 x g, and filtering using a 0.22 µm CA syringe filter. The resulting filtrate was then used 

propagated via liquid propagation: 20 µL of purified phage filtrate was added to 5 mL liquid LB 

along with 200 µL of lab strain E. coli overnight culture (the E. coli lab strain that the plaque was 

harvested from) and incubated overnight at 37°C with shaking. 1 mL of the resulting culture was 

centrifuged at 12,000 x g and the supernatant was filtered using a 0.22 µm CA syringe filter. The 

produced phage filtrate was then used to produce a pour plate as described before and this 

process was repeated until phage plaque morphologies were uniform.  

Liquid propagated phage filtrate titer was determined by performing 1:10 serial dilutions 

of the propagated, filtered phage lysate (typically from 100 to 10-7 typically). The dilutions were 

then spotted by pipetting 10 µL of each phage lysate dilution onto a SA lawn made with 500 µL 

of the lab strain E. coli host used for propagation. After overnight incubation at 37°C, titer was 

determined by the smallest dilution that phage plaques can still be observed at (see Figure 10 for 

example).  

 Induced phages were propagated to a high titer using the methods above. The high-titer 

lysate was then run through a viral DNA extraction protocol using the Viral DNA Extraction kit 

from Zymogen. The resulting induced phage DNA yields were quantified using the Qubit 

dsDNA protocol. 
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Induced Coliphage PCR Identification. 

 High titers of the induced phages produced using the methods above and DNA was 

extracted using the Viral DNA Extraction kit from Zymo, following the manufacturer’s protocol. 

DNA yields were quantified using the Qubit dsDNA protocol. 

 Primers were designed using Primer-BLAST (Ye et al., 2012) to amplify the PHASTER 

predicted intact prophage sequences. If more than one intact prophage was predicted for a given 

strain, primers were designed for each predicted prophage. Primer sequences are listed in (Table 

2) and were synthesized by Eurofins Genomics LLC (Louisville, KY USA). Temperate phage 

identification was performed via a 25uL PCR reaction. The PCR reaction mixture contained 1 

µL of 10 µM forward and 1 µL of 10 µM reverse PCR primer, 1 µL phage DNA, 9.5 µL 

nuclease free water, and 12.5 µL 2x GoTAQ DNA polymerase. PCR thermal cycling used a 

denaturation temperature of 95°C for 30 seconds, an annealing temperature of 57°C for 30 

seconds, and an elongation temperature of 72°C for 30 seconds. The PCR reaction was run for 

32 cycles. The original bacterial strain (containing the integrated prophage) was used as a 

positive control for PCR reactions of its respective induced prophages. A negative control with 1 

µL nuclease free water instead of phage DNA was also included. 5 µL of the PCR product was 

mixed with 2 µL of loading dye and added to a 1.0% agarose gel. Electrophoresis was fun for 20 

minutes. Gels were visualized under UV light.  

Table 2. PCR primers designed to identify induced prophages to PHASTER predicted prophage 
sequences. 

Primer 
Name Sequence Predicted Prophage Target 

PCR 
Product 
(bp) 

667_C1_F GCATACGCTGGCCTTTAAGC 
AWS667_S32_L002_contigs_1_NODE_7 230 667_C1_R CTGCGATGCATGGGTTGATG 

667_C3_F CCCATATCGTTGCGTTGCTG AWS667_S32_L002_contigs_3_NODE_13 110 
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667_C3_R TCTGGTGATCCATCGGGACT 
667_C7_F AGAGCATCAGGCGATAGTGC 

AWS667_S32_L002_contigs_7_NODE_45 414 667_C7_R CGCTGCATCAGCATCAGTTC 
667_C13_F GTATCAGGAGGCGAGACAGC 

AWS667_S32_L002_contigs_13_NODE_76 302 667_C13_R ATCGCAACTGTTCCCGGATT 
777_C1_F TCAAACTTTGCCGTTCGCTG 

AWS777_S62_L002_contigs_1_NODE_2 344 777_C1_R GCGATCAGTGTGCATTCGAC 
777_C2_F TCACGTCGCTGTTTTTGCAG 

AWS777_S62_L002_contigs_2_NODE_3 380 777_C2_R CGTTTTTGTCTGCCCTGGTG 
777_C5_F GAAACGATGTCGTAACGCCG 

AWS777_S62_L002_contigs_5_NODE_13 452 777_C5_R ACATCTGTGAGCTGGTGACG 
777_C6_F GGTCAGGTGATGCACGGTAA 

AWS777_S62_L002_contigs_6_NODE_16 192 777_C6_R GTGGTGCCACTGTATGACGA 
775_C2_F ACGCCGTTCACCTTCTCAAT 

AWS775_S61_L002_contigs_2_NODE_17 209 775_C2_R TCTTACCAGCGCGACGATAC 
775_C3_F CTCGGACAACGACAGACACA 

AWS775_S61_L002_contigs_3_NODE_24 426 775_C3_R ATTTGCGAAACCCAAGGTGC 
775_C4_F TGCAGATCGCGCGTAAATTG 

AWS775_S61_L002_contigs_4_NODE_24 300 775_C4_R TTTGTAGCAACGCAACCTGC 
723_C2_F GCTTCTGCGCCAAAAGTTGA 

AWS723_S48_L002_contigs_2_NODE_8 128 723_C2_R CCAAAGCGCGTATAGCCAAC 
723_C4_F CCAGGCAAGGATTGAGTCGT 

AWS723_S48_L002_contigs_4_NODE_14 352 723_C4_R CGCACTGAATACGCTGAACG 
723_C6_F AGCGAGCCGCTCAATACTAC 

AWS723_S48_L002_contigs_6_NODE_28 225 723_C6_R CTGGTCGCGCGTTTATCTTG 
700_C1_F GTTATGGTGATTTCCGCGCC 

AWS700_S39_L002_contigs_1_NODE_2 405 700_C1_R CTTCATGCACGCATACCACG 
700_C2_F CCGAATATCTCGCCAGCACT 

AWS700_S39_L002_contigs_2_NODE_20 151 700_C2_R TGCGCGAAACCTTTGAACAG 
700_C4_F TTCAGCTTTGTTGCTGTCGC 

AWS700_S39_L002_contigs_4_NODE_27 209 700_C4_R CGTTCAATGCAGGTATGGCG 
831_C2_F GCGGCATAAATGGCAGACAG 

AWS831_S75_L002_contigs_2_NODE_15 368 831_C2_R TCGGTGGGTGCCTATCAGTA 
831_C6_F CATCAGTATGCTGCGTGTGC 

AWS831_S75_L002_contigs_6_NODE_27 256 831_C6_R CATCGACGTGGTGAAATCGC 
831_C9_F GGGGATATTGCCCGTCTCTG 

AWS831_S75_L002_contigs_9_NODE_51 221 831_C9_R CGGTCCGGTGTAATGCGATA 
 

Induced Coliphage Propagation and Extraction. 

 Induced phages were propagated to obtain high titer lysates that were then used for DNA 

extraction. Phage lysate was spotted onto a Luria broth (LB) agar plate as describe previously. 
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The spots were then harvested, inoculated, and filtered using chloroform. The resulting 1 mL of 

phage lysate was added to sub-cultured liquid E. coli C. The sub-cultured liquid E. coli C was 

prepared using 15 mL liquid LB and 5 mL overnight E. coli C culture and incubated with 

shaking at 37°C for 2 hours. The phage lysate was then added to the sub-cultured liquid E. coli C 

culture and incubated with shaking at 37°C overnight. The resulting culture was filtered using a 

0.22 um bottle-top filter from Corning Incorporated. The filtrate was then filtered and 

concentrated using a MacroSep Advance Centrifugal Device Omega 100K Membrane from Pall 

Corporation until around 1 mL of phage lysate that had not passed through the filter could by 

removed from the centrifuge tube. The resulting concentrated phage solution was treated with 

OPTIZYME DNase I, RNase-Free DNase from Fischer Bioreagents and then extracted using the 

Viral DNA Extraction kit from Zymogen, following the manufacturer’s protocol. The resulting 

phage DNA yield was quantified using Qubit using their provided dsDNA protocol.  

Bacterial DNA Extraction. 

 An overnight culture of E. coli strain AWS723 was made by inoculating 3 mL liquid LB 

with a loop from the AWS723 freezer stock into and incubating at 37°C overnight with shaking. 

DNA was extracted using the UltraClean Microbial DNA Extraction kit from Qiagen following 

the manufacturer’s protocol. The DNA concentration was determined using the Qubit dsDNA 

protocol.  

Induced Coliphage Restriction Enzyme Digest. 

 Induced temperate phage DNA was digested using restriction enzymes (REs). Restriction 

enzymes that would selectively cleave the integrase gene of the urinary E. coli phages were 

selected using the NEBCutter V2.0 website (http://nc2.neb.com/NEBcutter2/). FASTA 
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sequences of E. coli phages (obtained from the PHASTER prediction) were uploaded 

individually. Using the annotated location of each respective prophage integrase gene, all 

potential ‘single cutters’ were assessed. The RE was considered viable if it cleaved the phage 

genome inside or directly flanking the annotated location of the integrase gene.  

 Six prophages were identified for engineering. The FastDigest KpnI, Eco47III, and BstI 

from ThermoFischer were used for RE digests. RE digests were performed using 2 µL phage 

DNA, 2 µL FastDigest Buffer, 1 µL FastDigest RE, and 15 µL nucleotide free water for a total 

reaction volume of 20 µL. For each phage, multiple reactions were run with varied 

concentrations of phage DNA (dilutions of 10-1 and 10-2) and FastDigest RE (dilutions of 10-1 

and 10-2). Digests were incubated for 10 minutes, 1 hour, and overnight. Digest reactions were 

stopped following the RE protocol in the manufacturer’s instructions.  

 PCR primers to detect integrase gene cleavage were developed using Primer-BLAST (Ye 

et al., 2012). Primers were designed so that one primer was upstream of the RE cleavage site and 

the other primer was downstream of the RE cleavage site. Primers were synthesized by Eurofins 

Genomics LLC (Louisville, KY USA).  

 Confirmation of RE cleavage was performed via a 25 µL PCR reaction. The PCR 

reaction mixture contained the same volumes and concentrations, as described in the induced 

prophage identification PCR protocol, but the DNA template used was digested phage DNA. A 

positive control of undigested induced phage DNA was used alongside a negative control of 

nuclease free water. PCR thermal cycling used a denaturation temperature of 95°C for 1 minute, 

an annealing temperature of 65°C for 30 seconds, and an elongation temperature of 72°C for 1 

minute for 30 cycles. 5 µL of the PCR product was mixed with 2 µL of loading dye and added to 
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a 1.0% agarose gel. Electrophoresis was run for 20 minutes. Gels were visualized under UV 

light. PCR and agarose gel electrophoresis (AGE) methods above were performed on each 

digested PCR product to determine RE cleavage success.  

Digested Coliphage Transformation. 

 Digested phage DNA was transformed into competent E. coli C. Competent E. coli C 

competent cells were prepared by inoculating 1 mL of overnight liquid cultured E. coli into 100 

mL of LB and incubating at 37°C with shaking for 2 hours. The culture was then chilled on ice 

for 15 minutes. The culture was split into two 50 mL centrifuge tubes, which were then 

centrifuged at 3300 x g for 10 minutes at 4°C. The supernatant was discarded, and the cell pellet 

was resuspended in 40 mL of 0.1M CaCl2 and incubated on ice for 30 minutes. The cell 

suspension was then centrifuged as before, the supernatant was removed, and the pellet was 

resuspended in a mixture of 6 mL of 0.1M CaCl2 and 0.9 mL of 15% glycerol. The resulting 

mixture was aliquoted into microcentrifuge tubes, 60 µL each, and stored at -80°C.  

Next, 60 µL competent E. coli C cells were inoculated with 10 µL of digested phage 

DNA and incubated with shaking at 37°C overnight. The culture was centrifuged and 10 µL was 

spotted, without filtering, onto an LB agar plate with 3mL soft LB agar and 500 µL E. coli C 

overnight culture. Spotted plates were incubated overnight at 37°C. Spots were harvested, 

inoculated into 1 mL liquid LB, vortexed for 10 minutes, and filtered using a 0.22um CA syringe 

filter. 100 µL of the filtered phage lysate was added to a 1 mL overnight E. coli C culture and 

incubated overnight at 37°C with shaking. This process was repeated twice to ensure the digested 

prophage was sufficiently recovered from transformation to be used for spotting. The phage was 

then propagated to a high titer, as determined via serial dilution spotting.  
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DNA was extracted, as described previously, and treated with DNase, also as previously 

described. The phage was then screened for the presence of the integrase gene via the same PCR 

protocol described in the initial integrase gene screening section. The transformed, propagated, 

and extracted digested phage DNA was used alongside the undigested phage DNA as a positive 

control. The results of the PCR reaction were assess using AGE as previously described. 

Host Range Determination. 

 30 UMB isolates of E. coli (obtained from the Wolfe lab) and 3 laboratory E. coli strains 

(B, C, and K12) were first streaked from a freezer stock onto 1.5% LB agar plates and incubated 

overnight at 37°C. A single colony from each streaked E. coli strain was selected to inoculate 3 

mL liquid LB and was incubated overnight at 37°C with shaking. Each culture was then lawned 

using SA, as described previously. On each E. coli lawn, 10 µL of digested phage lysate (at titer 

109 phage per mL) and 10 µL of undigested phage lysate (at titer 106 phage per mL) was spotted 

on each lawn in triplicate. The phage lysates used were the digested d700 phage and the initially 

induced, undigested, i700 phage. 

Representative UMB E. coli Selection for Host Range Characterization. 

 Six unique induced and identified urinary E. coli intact prophage sequences predicted by 

PHASTER (identities in Table 5), identified in previous steps, were compared to 49 UMB E. 

coli isolate assembled genomes using BLAST+ 2.9.0. The 6 induced urinary coliphages were 

used as queries against a BLAST database of the 49 UMB E. coli isolate sequences, produced by 

using the ‘makeblastdb’ command. Default BLASTn parameters were used. Hits with >95% 

sequence identity and >90% query length were determined possible strains with superinfection 

immunity and were not considered for host range characterization. 
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Table 3. Superinfection BLAST hits for each PHASTER predicted sequence of the induced 
temperate phages. 

Induced 
Phage Bacteria 

i667 AWS667 

i700 
GCF_003886275 (UMB 1348) 
GCF_003892605 (UMB 1160) 
AWS700 

i723 AWS723 

i775 / i831 

AWS688 
GCF_003885915 (UMB 5978) 
GCF_003892445 (UMB 928) 
AWS775 
AWS695 
AWS734 
AWS831 

i777 AWS777 

i831-1 

GCF_003886005 (UMB 5924) 
GCF_003892445 (UMB 928) 
AWS831 
GCF_003885215 (UMB 1093) 
AWS667 

 

 Serotyping of the 49 UMB E. coli isolate sequences was performed using the web version 

of SerotypeFinder 2.0.1 (https://cge.food.dtu.dk/services/SerotypeFinder/) (Joensen et al., 2015). 

Bacterial genomes were input as FASTA files. From the 49 UMB E. coli isolates available in the 

Loyola collection, 30 isolates were chosen for temperate and engineered phage host range 

characterization. These isolates have distinct serotypes and are not likely to have superinfection 

immunity. The UMB E. coli strains chosen are detailed in (Table 4). 

Table 4. List of UMB E. coli strains used for phage induction (†) and host range characterization 
(*). Strains avoided for phage induction due to λ -like predicted prophages (^). 

Bacteria Strain Serotype #	Predicted	
Prophages	

AWS788†	 O2/50:H7 5 
AWS623†	 O25:H4 5 
AWS760†	 O2/50:H7 5 
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AWS833*† O71:H12 4 
AWS757†	 O25:H4 4 
AWS777†	 O15:H6 4 
AWS667†	 O1:H7 4 
AWS752†	 O46/134:H31 4 
AWS605†	 O21:H25 4 
AWS699*† O132:H2 3 
AWS823*† O15:H1 3 
AWS714*† O18:H7 3 
UMB6653* O11:H18 3 
AWS831†	  O75:H5 3 
AWS708†	 O25:H4 3 
AWS711†	 O6:H31 3 
AWS724†	 O1:H7 3 
AWS734†	 O75:H5 3 
AWS764†	 O25:H4 3 
AWS775†	 O75:H5 3 
AWS785†	 O8:H28 3 
AWS700†	 O75:H5 3 
AWS723*† O46/134:H31 2 
AWS767*^ O150:H8 2 
AWS786*† O105:H34 2 
AWS790*† O35:H4 2 
AWS822* O101:H9 2 
AWS688* O75:H5 2 
AWS746*^ O25:H18 2 
UMB1180* O21:H21 2 
UMB1225* H34; No O 2 
UMB1346* O166:H15 2 
AWS709†	 O25:H4 2 
AWS863^	 O7:H15 2 
AWS799†	 O8:H19 2 
AWS600*†	 O45:H8 1 
AWS466*†	 O1:H7 1 
AWS488*† O16:H5 1 
AWS492* O7:H45 1 
AWS758* O4:H5 1 
UMB1202* O8:H10 1 
UM2328* O17/77:H31 1 
AWS659† O45:H70 1 
AWS681† O6:H31 1 
AWS698*	 O2/O50:H1 0 
AWS498*	 O6:H1 0 
AWS845*	 O19:H4 0 
UMB149*	 O86:H30 5 
UMB2019* O19:H4 3 
UMB2055* O59:H23 2 
UMB4716* O22:H1 6 
UMB1358* O147:H21 1 
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Results 

Experimental Temperate Phage Induction. 

 Candidates for prophage induction included 49 of the UMB E. coli strains that were 

included in the prophage sequence analysis of Chapter 2. 3 of these isolates were predicted to 

contain 0 prophages and another 9 were removed from consideration because the predicted 

prophages were ‘λ-like’ (Table 1). Of the remaining 43 E. coli isolates, 30 were grown in three 

different liquid media conditions, with pH of 4, 7, and 9, and the resulting lysate was spotted on 

laboratory E. coli strains B, C, and K-12. In total, there were 42 observed instances where 

induced temperate phage(s) were able to infect and lyse lab strains of E. coli. Of these, 12 

individual phages were able to be purified via plaque purification and consistently lyse lab 

strains of E. coli during the process of plaque purification. The identities and details of these 12 

purified phages are detailed in (Table 5). 

Because the UMB E. coli hosts that the 12 purified temperate coliphage stocks were 

induced from were all predicted to contain >1 prophage by PHASTER, primers were designed 

for each PHASTER-predicted prophage such that PCR could identify if the induced phage stocks 

were predicted by PHASTER, as well as confirm purification of the induced phage stocks 

(Figure 6). The induced phages from AWS667 were all the PHASTER-predicted prophage 

AWS667_S32_L002_contigs_1_NODE_7. Of the two phages purified from AWS777, both were 

shown to be the PHASTER-predicted prophage AWS777_S62_L002_contigs_2_NODE_3. The 

purified phage stocks induced from AWS700, AWS723, and AWS775 all showed positive PCR 

products for only one PHASTER-predicted intact prophage sequence, respectively. The phage 

stocks produced from induced AWS831 could be propagated using two different lab E. coli 
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strains (C and K-12). Through purification and PCR identification, it was determined that there 

were two different phages induced from AWS831 and these two phages were from different viral 

families.  

The PCR methods described previously confirmed that there is only one PHASTER-

predicted prophage in each of these purified induced phage stocks (suggesting that the stocks 

were indeed purified). Additionally, two phages were induced from AWS831 and one of these 

PHASTER predicted phages (AWS831_S75_L002_contigs_2_NODE_15) was able to be 

propagated by two different lab E. coli strains (K-12 and C). Via sequence comparison, it was 

discovered that the induced, PHASTER-predicted prophages i775 

(AWS775_S61_L002_contigs_2_NODE_17) and i831-2 

(AWS831_S75_L002_contigs_9_NODE_51) shared 99% sequence similarity and only i775 was 

used for further analysis. The 12 induced purified phages were found to represent 6 unique 

induced purified phage stocks. Only the six unique purified phages were used for downstream 

analysis, these phages are demarcated by an ‘*’ in (Table 5). 

Table 5. Induced purified phage stock PHASTER sequence identities, PHASTER predicted 
prophage sequence length, experimental titer obtained, and integrase gene presence. ‘*’ denotes 
phage stocks that were used for downstream experiments. 

Purified 
Phage 
Stock 

Propagation 
Host 

Induction 
pH 

PHASTER Identity 
(Predicted Viral Taxonomic Family) 

PHASTER 
Sequence 
Length 

Titer 
(pfu/mL) 

Integrase 
Gene 

i667-1* E. coli C 4 

AWS667_S32_L002_contigs_1_NODE_7 
(Myoviridae) 33.6 kb 107 Yes 

 i667-2 E. coli C 4 

 i667-3 E. coli C 7 

 i667-4 E. coli C 7 

i700* E. coli C 7 AWS700_S39_L002_contigs_4_NODE_27 
(Myoviridae) 34.7 kb 105 Yes 

i723* E. coli C 4 AWS723_S48_L002_contigs_4_NODE_14 
(Myoviridae) 32.4 kb 107 Yes 

i775* E. coli C 4 AWS775_S61_L002_contigs_2_NODE_17 
(Myoviridae) 35.0 kb 107 Yes 
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i777-1* E. coli C 7 AWS777_S62_L002_contigs_2_NODE_3 

(Myoviridae) 36.9 kb 107 Yes i777-2 E. coli C 7 

i831-1* E. coli K-12 7 AWS831_S75_L002_contigs_9_NODE_51 
(Siphoviridae) 15.7 kb 107 No 

i831-2  E. coli C 7 AWS831_S75_L002_contigs_2_NODE_15 
(Myoviridae) 35.0 kb 

107 
Yes i831-3 E. coli K-12 7 106 
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Figure 6. Induced prophage PCR products run on 1.0% agarose gels. Lanes are labeled to reflect 
the combination of induced prophage DNA and PCR primer used in PCR reactions. The Legend 
indicates the different combinations of experimentally induced phage stock DNA and intact 
prophage sequence-designed PCR primer. Additional positive and negative control PCR 
reactions were run (results not shown). 

From temperate to obligately lytic. 
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The predicted sequences of the six identified induced phages were annotated. 5 of the 6 

induced phages contained integrase genes, all of which were located at a terminal location within 

the linear prophage sequence (details in Table 6). Of these 5 phages with integrase genes, 4 

(i667-1, i700, i723, and i777-1) contained restriction enzyme cleavage sites within or just 

upstream of the integrase gene and 3 of the 4 (i667-1, i700, and i723) were able to be produced 

at a high titer for DNA extraction (i667-1 = 16.8 ug/mL, i700 = 14.9 ug/mL, and i723 = 21.4 

ug/mL). 

Table 6. Integrase gene modification details. 

Prophage Sequence 

Prophage 
Sequence 
Length 

(bp) 

Integrase 
Gene 

Location 
(bp..bp) 

RE 
Cleavage 
Site (bp) 

RE 
Enzyme 
(Fischer) 

PCR 
Primer Primer Sequence 

AWS667_S32_L002_contigs_1_NODE_7 33622 31078..32088 31824 Eco47III 
[AfeI] 

Eco47III_667_F CCGATTTCTGAGGAACTGGA 

Eco47III_667_R TCCCAGAATCTGTTGCAGTG 

AWS700_S39_L002_contigs_4_NODE_27 34704 32189..33169 31698 KpnI 
KpnI_700_F AGCGCGATTAAACTCAGGAA 

KpnI_700_R GTGGTTTAGAAAGGGCTGGA 

AWS723_S48_L002_contigs_4_NODE_14 32432 29888..30898 30634 Eco47III 
[AfeI] 

Eco47III_723_F CACGCTAAAACCAGCACAGA 

Eco47III_723_R TCTGGCTTCACTCTGCGTAA 

AWS775_S61_L002_contigs_2_NODE_17 35066 32522..33532 None None N/A N/A 

AWS777_S62_L002_contigs_2_NODE_3 36882 c(3897..4910) c(5617) Bst1107I 
[BstZ17I] 

Bst1107I_777_F AGCTGTAAGGGGCATGATTG 

Bst1107I_777_R TGGTTCACCGAGACCTAACC 

AWS831_S75_L002_contigs_9_NODE_51 15659 None N/A N/A N/A N/A 

 
Restriction digests were performed for each of these DNA samples: i667-1 cleavage by 

Eco47III, i700 cleavage by KpnI, i723 cleavage by Eco47III, and i777-1 cleavage by Bst1107I. 

Cleavage of the integrase gene for each of these phages was ascertained via PCR using primers 

to target the integrase (see Methods). i700 was the only phage in which the integrase gene was 

fully cleaved and showed no PCR signal. The other two phages (i667-1 and i723) both showed 
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PCR bands following the restriction digests signifying that complete digestion did not occur. The 

results of these PCR reactions are shown in (Figure 6). 

The digested phage i700 lacking the integrase gene is henceforth referred to as d700. 

Following PCR confirmation of integrase cleavage, d700 was successfully transformed into and 

propagated within competent E. coli C (Figure 9). The phage d700 was able to be propagated 

and to reach a titer of 109. After transformation and propagation, d700 was again tested for 

presence of its integrase gene and showed no amplification (Figure 7). This confirms that the 

lytic phage, d700, was successfully engineered. Notably the engineered phage d700 was able to 

reach a titer 10-fold higher than the integrase-containing phage i700 (Figure 10). 
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Figure 7. Gel A shows the results of PCR following the RE digest of i700. Lane 1 is a 100bp 
ladder, lane 2 is a NC, lane 3 is a PC with 10-1 DNA, lane 4 is a 100 DNA/10-1 RE digest PCR, 
lane 5 is a 10-1 DNA/10-1 RE digest PCR, lane 6 is a 10-1 DNA/10-2 RE digest PCR. Gel B shows 
the results of PCR following the RE digest of i723. Lane 1 is a 100bp ladder, lane 2 is a NC, lane 
3 is a 10-1 DNA/10-1 RE digest PCR, lane 4 is a 10-1 DNA/10-2 RE digest PCR, lane 5 is a 10-2 
DNA/10-2 RE digest PCR, lane 6 is a PC with 10-1 DNA, lane 7 is a PC with 10-2 DNA. Gel C 
shows the results of PCR following the RE digest of i667-1 (top) and i723 (bottom) with the 
digest conditions identical to those used in Gel A for both induced phage DNA samples. Gel D 
shows PCR verification of d700 phage DNA isolated and extracted after transformation and 
propagation into E. coli C. Lane 1 is a 100bp ladder, lane 2 is a NC, lane 3 is a PC with 100 i700 
DNA, lane 4 is a 100 d700 phage DNA. 
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Induced Temperate phage Host-Range. 

The genetically modified temperate phage d700 and the initially induced phage i700 were 

both spotted on 30 UMB E. coli strains, representative of 30 different serotypes. The d700 phage 

lysate had a titer of 109. The i700 phage lysate had a titer of 108. The results of phage spotting 

are shown in (Table 7). Although the phage i700 was able to lyse the laboratory strain E. coli C, 

it was unable to lyse any of the UMB E. coli strains tested. However, d700 was able to lyse 

UMB isolate AWS758. The lysis observed by d700 on UMB E. coli strain AWS758 as well as 

an example of no lysis by both phages are shown in (Figure 8). 

Table 7. Host Range assay outcomes for the 30 UMB E. coli isolates and 3 lab E. coli strains 
tested. Left most column represents UMB E. coli strains, the second column from the right 
represents the serotype of each UMB E. coli strain respectively. The third and fourth columns 
from the left represent the two phages used for spotting, i700 containing integrase (temperate 
phage) and d700 without an integrase (obligately lytic). Red reflects no lysis observed; green 
reflects lysis. 

 Serotype	 i700	 d700	
AWS698	 O2/O50:H1   

AWS498	 O6:H1   

AWS845	 O19:H4   

AWS600	 O45:H8   

AWS699	 O132:H2   

AWS723	 O46/134:H31   

AWS767	 O150:H8   

AWS786	 O105:H34   

AWS790	 O35:H4   

AWS822	 O101:H9   

AWS823	 O15:H1   

AWS833	 O71:H12   

AWS466	 O1:H7   

AWS488	 O16:H5   

AWS492	 O7:H45   

AWS714	 O18:H7   

AWS688	 O75:H5   

AWS746	 O25:H18   

AWS758	 O4:H5   

UMB149 O86:H30   

UMB2019 O19:H4   

UMB2055 O59:H23   
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UMB4716 O22:H1   

UMB1358 O147:H21   

UMB1180 O21:H21   

UMB1202 O8:H10   

UMB1225 H34; No O   

UMB1346 O166:H15   

UMB2328 O17/77:H31   

UMB6653 O11:H18   

Ec C N/A   

Ec B N/A   

Ec K-12 N/A   

 

 

Figure 8. Image A shows the lysis caused by d700 alongside the absence of lysis by i700. Image 
B shows the absence of lysis by both phages. Three spots of each phage were applied in a 
straight line on every host tested to provide technical replicates. 
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Figure 9. An incubated lawn that was spotted with transformed d700 phage to prove successful 
transformation and propagation following RE cleavage of its integrase gene. Bacterial clearance 
at each spot shows successful phage lysis. 

 

Figure 10. Image A shows an incubated lawn spotted with serially diluted i700 phage for titer 
determination. Negative numbers labelled on the plate correspond to that 10n dilution. Image B 
shows the same titer determination methods with the phage d700. Since each spot is 10 uL, the 
last dilution with visible plaques and the amount of phage lysate spotted are multiplied to 
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determine the number of plaque forming units (pfu). Image A shows a titer of ~108 pfu; Image B 
shows a titer of ~109 pfu. 

Discussion 

UMB E. coli Prophage Induction. 

Using the pH method for urinary temperate coliphage induction (Miller-Ensminger et al., 

2020b), 42 temperate coliphages were induced from 30 different UMB E. coli isolates. This 

identification of temperate phage induction was reliant on induced phages’ abilities to lyse an E. 

coli lab strain. As a result, it is very likely that there were induced phages that were not detected 

by this method. The pH protocol was designed to stress the E. coli cells using lower/higher pH, 

thus triggering phage induction. 5 of the 6 unique induced and purified temperate coliphages 

were detected without changing the pH typically used to culture E. coli (pH 7) (Figure 6). This 

suggests that stress did not cause prophage induction, rather the observed induction was likely 

the result of spontaneous induction. Spontaneous prophage induction is the entrance of a 

prophage into the lytic cycle (induction) in the absence of any apparent external trigger (Nanda 

et al., 2015). The spontaneous induction of temperate phages in this study suggests that these 

phages could directly contribute to shaping the UMB. 

Only 12 phage stocks could be purified and replicated to a titer >105. The other 30 

induced phages, after being plated on naïve E. coli C and plaquing during the first iteration, 

failed to display lysis in subsequent iterations when attempting to purify. This could be the result 

of reentrance into the lysogenic cycle and integration into the E. coli strains being used for 

propagation, or the general inability of these phages to continually infect and/or lyse lab E. coli 

strains used. To encourage the identification and high titer propagation of multiple urinary 

coliphages, 30 E. coli isolate cultures were treated with the pH induction protocol as mentioned 
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above. As previously mentioned, 9 UMB isolates were determined to contain phages highly 

similar to phage 𝝀. As this phage is well characterized, we instead focused our effort on other 

phages to increase our understanding of the coliphage populations within the urinary tract. 

We found that all 12 phage stocks used to determine phage identity via PCR were 

accurately matched to an intact prophage predicted by PHASTER. In other words, we did not 

find any induced phages that were not predicted by PHASTER. Notably, all of the induced high-

titer phage stocks were found to be from the viral order Caudovirales, which are the most well-

characterized of coliphages (Roux et al., 2015), lending to their accurate predictions by 

PHASTER. In two cases (AWS667 and AWS777), our PCR found the same phage induced from 

the same UMB strain under different pH conditions. This suggests that a range of pH levels can 

cause induction and/or spontaneous induction and that induction is frequent within these E. coli 

populations. Furthermore, two of the PCR-identified phages (i775 and i831-1) that were induced 

from different UMB E. coli isolate strains were found to share 99.9% sequence similarity. This 

discovery further substantiates the point made by (Miller-Ensminger et al., 2018a) that the same 

phage species can be found in UMB isolates from multiple individuals. This phage, along with 

𝝀-like	phages which were found in 9 UMB strains, may also be a common constituent of the 

female UMB. 

Going lytic – Transforming temperate coliphages. 

 Removal of the integrase gene sequence has been an effective strategy for engineering a 

temperate phage to an obligately lytic phage. This approach has been applied to phages 

infectious of different bacterial taxa (Zhang et al., 2013; Kilcher et al., 2018; Johnson et al., 

2022) and even applied in clinical settings (Dedrick et al., 2019). 5 of our 6 unique induced and 
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purified UMB coliphage sequences contained an identifiable integrase gene sequence and thus 

were candidates for genetic engineering. Of those 5, only 4 contained a single RE cleavage site 

close to or within the identified integrase gene. This method of genetic engineering via cleaving 

the temperate phage integrase has been successfully employed by others (Kilcher et al., 2018; 

Johnson et al., 2022). Details about integrase gene location and modifications can be found in 

(Table 6). The one PHASTER predicted phage sequence that did not contain an annotated 

integrase gene was AWS831_S75_L002_contigs_2_NODE_15. However, because there was no 

annotated integrase gene does not mean that the phage did not have an integrase gene; rather, it 

may be that the PHASTER predicted genome was not complete or that the integrase gene was 

too divergent from known phage integrase genes to be accurately identified during annotation. 

Since this phage was predicted to have a genome of nearly half the size of the other PHASTER 

predicted genomes, it is likely that the PHASTER prediction simply did not capture the whole 

phage sequence.  

While we attempted to remove the integrase genes for all 4 candidate induced phages, we 

were only successful in digesting one of the phages – i700. The digest was confirmed via PCR 

(Figure 7). As discussed in the Methods, PCR primers were designed to flank the digest site. 

Thus, if full cleavage is successful, PCR will not produce DNA copies and there will be no 

amplicon. It should be noted that several different DNA concentrations, enzyme concentrations, 

and incubation times were tested for the candidate phages to find the optimal conditions for 

engineering. The manufacturer’s suggested protocol using a RE digest incubation time of 10 

minutes and an undiluted concentration of phage DNA was unsuccessful; gels for all phage 

samples displayed amplicons. The only phage for which digestion was confirmed via PCR was 
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d700, the digested, integrase-free phage i700 seen in (Figure 7). The other digested phages d667 

and d723, which notably both used the RE Eco47III in their digest reactions, were unable to 

produce PCR results confirming successful cleavage. Future work is required to optimize this 

protocol. 

 After confirmation of integrase cleavage in d700, the phage DNA was transformed into 

competent E. coli C cells. The successful transformation of d700 and subsequent plaquing on an 

E. coli C lawn confirms that this phage is still viable without the integrase gene (Figure 9 and 

Figure 10). Removal was confirmed again via PCR after transformation and propagation 

(Figure 7). When the host range of d700 was compared to that of its ancestral temperate phage 

i700, one change in lytic efficiency was observed. On the UMB strain AWS758, i700 showed no 

visible lysis while d700 showed obvious lytic clearance (Figure 8). The host range spotting 

results can be seen in (Table 7). This suggests that the temperate phage could infect the 

AWS758 strain but did not reproduce via the lytic cycle. We hypothesize that it switched from 

the lytic to the lysogenic life cycle and potentially integrated into the bacterial genome, but more 

work is needed to confirm this. 

Engineering temperate phages for phage therapy. 

The engineering protocol used here not only provides a method for assessing the ability 

of a temperate phage to infect a host cell but also is a potential method for increasing the phages 

in our arsenal for use as phage therapy. While d700 is unlikely a viable candidate, given its 

narrow host range, this protocol could be applied to other urinary coliphages with an identifiable 

and excisable integrase gene. As our analysis of urinary E. coli prophages (Chapter Two) 

showed, there is a wealth of different phages lysogenizing urinary E. coli. Their presence in the 
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genomes examined shows their ability to infect urinary E. coli strains. While here we targeted 

engineering of understudied phages, selecting temperate phages that are commonly found in 

urinary E. coli genomes have the potential of displaying broader host ranges. 

In recent decades, various novel phage therapy strategies have been developed (for a 

review of phage therapy methodology, see ref Zalewska-Piątek and Piątek, 2020). Historically, 

phage therapy relied strictly on obligately lytic phages. Temperate phages, however, significantly 

outnumber obligately lytic phages in nature (Monteiro et al., 2019). Recently, advances in 

synthetic biology and sequencing technology have made it possible to genetically alter temperate 

phages, such as the methods employed for d700. This makes them an attractive and even 

preferable option for development of phage therapies (Fiddian-Green and Silen, 1975; Monteiro 

et al., 2019). In the past, temperate phages were avoided because they were not as effective at 

killing bacterial hosts and they posed the threat of mediating horizontal gene transfer that could 

result in the transmission of unwanted trait transmission, such as antibiotic resistance (Monteiro 

et al., 2019). In the past decade, numerous studies have documented the potential efficacy of 

temperate phages being used for phage therapy (see Monteiro et al., 2019). 

With the advent of engineered temperate phage-based phage therapies, studies of the 

phage abundance and diversity of the UMB is warranted. One of the primary challenges posed 

by phage therapy in the case of antibiotic resistant bacterial infections of the human bladder and 

lower urinary tract is the lack of candidate lytic phages capable of infecting and clearing the 

antibiotic-resistant bacteria implicated (Caflisch et al., 2019). One potential solution that has 

been recently made possible is the consideration of using engineered temperate phages for such 

phage therapy treatments. As has been established, E. coli is disproportionately implicated in 
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complex, antibiotic resistant bladder disorders, and is, therefore, an obvious candidate for novel 

temperate phage therapy applications.
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CHAPTER 4 

CONCLUSIONS 

This study provides an improved catalogue of urinary E. coli prophage diversity through 

the analysis of all publicly available urinary E. coli genomic assemblies. We were able to 

identify taxonomically diverse E. coli prophages that represented the diversity of dsDNA tailed 

phage families Siphoviridae, Myoviridae, and Podoviridae. The production of a network through 

the connection of prophages with shared genes shows that homologous genes are shared between 

UMB prophages of different viral families providing evidence for genetic mosaicism among 

urinary coliphages. Nearly half of the intact prophages predicted were taxonomically classified 

as “Unknown” due to divergence from characterized phages. Future characterization of these 

novel prophages would expand our knowledge of coliphage taxonomy and genetic diversity. 

Our analyses found that antibiotic resistance and virulence factor genes are rare within 

urinary prophages. Thus, we conclude that lysogenic conversion is not a significant contribution 

to uropathogenicity. This finding also has implications for use of native urinary coliphages for 

therapeutic use. Lysogenic conversion is a frequent concern when considering the use of 

temperate phages for phage therapy. Given the low incidence of antibiotic resistance and 

virulence genes carried by these temperate phages, the risk is mitigated. Thus, the catalog of 

prophages identified here presents numerous candidates, granted they can replicate efficiently 

through the lytic life cycle, for phage therapy use. 
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 Using biologically relevant pH conditions, we showed that urinary E. coli prophages can 

be induced and propagated to high titer through the lytic life cycle. Transforming temperate lytic 

phages to obligately lytic would provide for more effective phage therapy, as demonstrated by 

our engineering of the temperate phage i700. We showed the successful selective cleavage of the 

integrase gene from the temperate phage i700 without inhibition of the phage’s ability to infect 

and lyse E. coli C. The engineered coliphage, d700, was able to reach a higher titer than the 

integrase-containing unmodified i700 coliphage. The host ranges of the engineered phage d700 

and integrase-containing i700 were compared among various UMB E. coli strains with different 

serotypes. We showed that d700 was able to lyse one strain of UMB E. coli that i700 was not. 

These results suggest that i700 can infect the AWS758 strain of UMB E. coli, but instead of 

proceeding through the lytic cycle, i700 proceeds though the lysogenic cycle and integrates into 

that host cell’s genome. 

 Employing an engineering strategy, such as that demonstrated here, could be used in 

future studies as an assay to determine whether the temperate phages are integrating into 

bacterial host genomes or if they are unable to infect cells when lytic activity is not observed. 

Furthermore, it provides an effective strategy for developing new obligately lytic phages for 

therapeutic use. Our analysis of the predicted intact prophages of the urinary E. coli strains found 

1,938 prophages with recognizable integrase genes. All of these prophages are candidates for 

engineering as was performed for i700. 

 
 



 

 71 

APPENDIX A 

TOP 30 VIRULENCE FACTOR GENE DESCRIPTIONS IDENTIFIED IN PROPHAGE 

GENOME
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Virulence Factor Description Occurrences 
(aaiQ) -  137 
(sitA) Iron ABC transporter substrate binding component 63 
(YPK_3315) invasin 54 
(ipaH) hypothetical prophage protein 49 
(aaiR) - 48 
(sitD) SitD protein 46 
(sitB) manganese/iron transport system ATP-binding protein 44 
(sitC) SitC protein 43 
(flk) flagella biosynthesis regulator 42 
(aaiW) transposase 38 
(gtrA) bactoprenol-linked glucose translocase 32 
(ipaH) hypothetical protein 32 
(iucD) L-lysine 6-monooxygenase 31 
(sat) putative secreted autotransporter toxin sat 29 
(iucB) aerobactin siderophore biosynthesis protein IucB 27 
(sitD) iron transport protein, inner membrane component 27 
(iucA) IucA protein 25 
(sitC) Iron transporter inner membrane component 23 
(c3610) bifunctional enterobactin receptor/adhesin protein 21 
(papB) pap operon regulatory protein PapB 18 
(sitB) iron ABC transporter ATP-binding protein 18 
(sitC) iron ABC transporter permease 18 
(iutA) ferric aerobactin receptor precusor IutA 17 
(papA) major pilin subunit PapA 17 
(cdtA) cytolethal distending toxin type IV subunit A 15 
(cdtB) cytolethal distending toxin type IV subunit B 15 
(cdtC) cytolethal distending toxin type IV subunit C 15 
(iucC) aerobactin siderophore biosynthesis protein IucC 15 
(papI) PapI protein 15 
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APPENDIX B 

ALL ANTIBIOTIC DRUG CLASSES TARGETED BY INTACT PROPHAGE ANTIBIOTIC 

RESISTANCE GENE



 

 

74 
Antibiotic Drug Class Target Occurrences 
aminoglycoside antibiotic; aminocoumarin antibiotic 84 
macrolide antibiotic 55 
fluoroquinolone antibiotic; monobactam; carbapenem; cephalosporin; 
glycylcycline; cephamycin; penam; tetracycline antibiotic; rifamycin 
antibiotic; phenicol antibiotic; triclosan; penem 

39 

aminocoumarin antibiotic 34 
aminoglycoside antibiotic 22 
tetracycline antibiotic; benzalkonium chloride; rhodamine 18 
sulfonamide antibiotic 10 
tetracycline antibiotic 8 
acridine dye; disinfecting agents and intercalating dyes 5 
diaminopyrimidine antibiotic 5 
fluoroquinolone antibiotic; cephalosporin; glycylcycline; penam; 
tetracycline antibiotic; rifamycin antibiotic; phenicol antibiotic; triclosan 5 

carbapenem; cephalosporin; penam 4 
cephalosporin; penam 4 
macrolide antibiotic; aminoglycoside antibiotic; cephalosporin; 
tetracycline antibiotic; peptide antibiotic; rifamycin antibiotic 4 

macrolide antibiotic; fluoroquinolone antibiotic; penam; tetracycline 
antibiotic 3 

monobactam; cephalosporin; penam; penem 3 
phenicol antibiotic 3 
fluoroquinolone antibiotic; glycylcycline; tetracycline antibiotic; 
diaminopyrimidine antibiotic; nitrofuran antibiotic 2 

cephalosporin 1 
fluoroquinolone antibiotic 1 
fluoroquinolone antibiotic; aminoglycoside antibiotic 1 
monobactam; carbapenem; cephalosporin; penam 1 
rifamycin antibiotic 1 
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APPENDIX C 

PATIENT UMB E. COLI STRAIN ISOLATION IRB DETAILS
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Bacteria 
Strain 

UMB 
# 

Study 
Patient ID IRB # Universit

y for IRB Citations 

AWS466 7965 RUTISD-4 170077A
W UCSD https://pubmed.ncbi.nlm.nih.gov/34036621/; https://pubmed.ncbi.nlm.nih.gov/3385

2041/ 

AWS488 8034 SvE029 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS492 8038 SvE031 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS498 8045 SvE033 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS600 8611 SVE090 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS605 8625 SvE093 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS623 8727 RUTISD33 170077A
W UCSD https://pubmed.ncbi.nlm.nih.gov/34036621/; https://pubmed.ncbi.nlm.nih.gov/3385

2041/ 

AWS659 8988 SvE102 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS667 9006 RUTISD03
8 

170077A
W UCSD https://pubmed.ncbi.nlm.nih.gov/34036621/; https://pubmed.ncbi.nlm.nih.gov/3385

2041/ 

AWS681 9077 SvE111 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS688 9084 RUTISD02
6 

170077A
W UCSD https://pubmed.ncbi.nlm.nih.gov/34036621/; https://pubmed.ncbi.nlm.nih.gov/3385

2041/ 

AWS698 9094 SVE113 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS699 9101 SVE114 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS700 9105 SVE116 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS708 9135 SvE121 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS709 9136 SvE122 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS711 9138 SvE124 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS714 9141 SvE125 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS723 9208 SVE128 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS724 9209 SvE130 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS734 9227 SvE131 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS746 9246 RUTISD43 170077A
W UCSD https://pubmed.ncbi.nlm.nih.gov/34036621/; https://pubmed.ncbi.nlm.nih.gov/3385

2041/ 

AWS752 9257 SVE138 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS757 9268 SVE140 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS758 9269 SVE141 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS760 9288 SVE142 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS764 9318 SVE144 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS767 9330 SvE148 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS775 9344 SVE150 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS777 9346 SVE153 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS785 9590 sve157 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS786 9596 SvE158 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS788 9598 SvE160 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS790 9616 SVE161 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS799 9853 RUTISD47 170077A
W UCSD https://pubmed.ncbi.nlm.nih.gov/34036621/; https://pubmed.ncbi.nlm.nih.gov/3385

2041/ 
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AWS822 9892 SVE171 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS823 9901 SvE172 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS831 9930 SvE176 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS833 9932 SvE178 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS845 9974 SVE181 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

AWS863 1004
5 SvE188 209545 Loyola https://pubmed.ncbi.nlm.nih.gov/34184930/  

UM2328 328 OAB031 203986 Loyola PMID: 26423260, 25006228, 26210757, 24371246 

UMB118
0 1180 EQUC129 206469 Loyola https://pubmed.ncbi.nlm.nih.gov/26962083/  

UMB120
2 1202 EQUC132 206469 Loyola https://pubmed.ncbi.nlm.nih.gov/26962083/  

UMB122
5 1225 EQUC141 206469 Loyola https://pubmed.ncbi.nlm.nih.gov/26962083/  

UMB134
6 1346 EQUC0152 206469 Loyola https://pubmed.ncbi.nlm.nih.gov/26962083/  

UMB135
8 1358 EQUC0155 206469 Loyola https://pubmed.ncbi.nlm.nih.gov/26962083/  

UMB149 149 OAB033 203986 Loyola PMID: 26423260, 25006228, 26210757, 24371246 

UMB201
9 2019 EST07 207152 Loyola PMID: 29674608 

UMB205
5 2055 EST07 207152 Loyola PMID: 29674608 

UMB471
6 4716 EST22B 207152 Loyola PMID: 29674608 

UMB665
3 6653 RUTI20 204195 Loyola https://pubmed.ncbi.nlm.nih.gov/34036621/; https://pubmed.ncbi.nlm.nih.gov/3385

2041/ 
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