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ABSTRACT

The urinary tract contains a community of bacteria called the urinary microbiota (urobiota) that
may be relevant to health; the genomic component of the urobiota is the urinary microbiome
(urobiome). Urinary bacteria have been associated with both asymptomatic states and disease
conditions, such as urinary tract infection (UTI), overactive bladder (OAB), and urge urinary incontinence
(UUI). Some bacteria, such as E. coli, are considered urinary pathogens (uropathogens) but also can be
commensals. Bacteriophage (phage) are ubiquitous in nature and likely shape bacterial populations in
every niche; thus, phage may be one factor that modulates the urobiota. Phages have a specific host
range dictated not just by host receptor compatibility, but also by traits of the bacterial host. To
understand the genetic determinants of phage infection in urinary bacteria, we have used a model
system consisting of urinary E. coli and the lytic E. coli phages (coliphages). Urinary E. coli that are less
permissive to coliphage infection often carry plasmid-related genes. To determine whether these genes
relate to permissivity, plasmids present in urinary microbiota (UMB) were conjugated into a naive E. coli
K-12 background; E. coli K-12 acquisition of F plasmids from urinary isolates UMB0928 and UMB1284
decreased permissivity to infection by the lytic coliphages P1vir, Greed, and Lust. Analysis of the
plasmidome of urinary E. coli indicated that more than half of these isolates are predicted to contain a
plasmid; most of these urinary plasmids are of the F plasmid group. Antibiotic resistance and virulence
genes were common in F plasmids. The F plasmids pU0928 and pU1284 reduced permissiveness to
phage in E. coli K-12. These two plasmids were stable and conferred multiple antibiotic resistances

Given the selective pressure imposed by the rapid propagation and evolution of phages,
plasmids could be a vehicle to deliver and maintain anti-phage genes in a bacteria population. Phage

selective pressure also could result in the acquisition and maintenance of plasmid-linked content, such

Xiv



as genes for antibiotic resistance and virulence factors. Urinary bacteria, phage, and plasmid dynamics

could be important for clinically relevant traits of urinary bacteria and overall urobiota dynamics.
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CHAPTER ONE:
BACKGROUND
The Urine is Sterile Dogma
The urinary tract contains a community of bacteria called the urinary microbiota (urobiota) that
may be relevant to health; the urobiome is the genetic content of the urobiota, which may be relevant
to urinary health®. For centuries, urine was assumed to be sterile in part due to the seminal Germ theory
experiments by Dr. Louis Pasteur and Dr. William Roberts®. They showed that, unlike urine exposed to
air, urine in a sealed container did not become cloudy with microbes. This led to the conclusion that,
“...fresh and healthy urine is perfectly free from bacteria or other minute organisms.” While Germ
theory was fundamental to microbiology, Pasteur and Roberts did not set out to test the sterility of
urine as a primary hypothesis, but rather these observations were byproducts of testing Germ theory?.
The “urine is sterile” dogma has persisted perhaps due to a self-perpetuated belief in the
absence of rigorous testing of what was assumed to be self-evident. The dogma was unchallenged also
in part due to the adoption of evidence and techniques not initially intended to support the sterility of
urine. A prominent example of this was the development by Dr. Edward Kass of a culture method to
distinguish UTI in patients with pyelonephritis. Under Dr. Kass’ guidelines, uropathogens present greater
than or equal to 10° colony forming units (CFU)/ml would indicate pyelonephritis over cystitis; this
information could be applied to decrease post-operative sepsis in kidney surgery. Unfortunately, this
technique was later adopted as a UTI diagnostic beyond this focused intent**; the practice continued
despite later evidence that the threshold specified by Dr. Kass was not sufficient to specifically detect

UTI®®. Furthermore, Dr. Kass’ culture test was specific for fast-growing, facultative aerobes, such as E.



coli, meaning that slow-growing anaerobes would likely not meet the positive culture threshold®. In this
scenario, not only would the patient be deemed to not have a UTI, but their urine often would be
qualified as sterile®!°, These diagnostic shortcomings continued until the 21 century and even now
there is no standard threshold or test to report a true UTI*,

The dogma that urine is sterile persisted despite evidence to the contrary, dating back to the
initial Germ theory experiments of the 19" century. For example, Dr. Roberts showed that some urines
could decompose (i.e. become cloudy and more alkaline) and bacteria be detectable; these samples
were correlated to urinary tract symptoms and likely urinary infection?. In contrast, urine could be found
in a non-decomposing state, remaining clear and acidic but with bacteria still detectable. This urine was
from asymptomatic individuals and Dr. Roberts hypothesized that the bacteria originated not from
infection but from the mucus membrane of the bladder?. Granted, despite the evidence, Roberts did not
directly challenge the sterility of urine. A more direct challenge would not occur until the 1980s when
Dr. Rosalind Maskell provided evidence of bacteria in suprapubic aspirate (SPA) urine samples from
women with various urinary conditions outside of infection®?. Dr. Maskell proposed that non-UTI urinary
disorders could be due to dysbiosis of commensal flora and/or that uropathogens could induce disease
that was not necessarily a UTI*2. Unfortunately, Dr. Maskell’s findings and hypotheses were rejected by
the clinical community. However, Dr. Maskell would be vindicated in the 2010s when evidence
increasingly supported the presence of a urinary bacterial community that could be associated with
urinary disease>!3716,

The Discovery of the Urobiota/Urobiome

Recently, researchers have identified and characterized the urobiota/urobiome via enhanced
culture methods and computational biology''”*8. Viable bacteria have been isolated both from
19,20.

catheterized and voided urine, and grown in a reproducible manner under laboratory conditions

Bacteria also have been characterized via computational biology, predominantly by metagenomic



sequencing (e.g., 16S RNA gene sequencing and shotgun metagenomic sequencing) and whole genome
sequencing of individual bacteria isolates?!. The biological niche of the urinary tract, specifically the
bladder, has led to challenges, such as sterile sampling technique, low-biomass sampling, and
amplification of genetic content for sequencing. The entrenched “urine is sterile” dogma also has placed
the burden of proof on urobiome researchers, which is counter-intuitive given that urinary health and
conditions, such as UTI, are understudied fields.

One of the highlights of early 21* century biomedical research was the recognition that the
human microbiota are a key component of human physiology and health. Commensal bacteria in
humans are estimated to rival the number of human cells in the body, with physiological functions that
may be just as essential??>?3, A cornerstone of microbiome research was the Human Microbiome
Project (HMP), an NIH-funded effort to collect samples from various body sites (i.e., the gut, vagina, skin,
mouth, and nasal cavity) and profile their bacterial content via metagenomic amplicon sequencing®*. At
present, the microbiota in these sites is accepted to influence health, with dysbiosis potentially being
fatal (e.g., in the gut). During the research stages of the HMP, urine was sampled by the midstream
voided collection method, and its bacterial content profiled, yet because urine was assumed to be
sterile, these findings were not reported.

The urobiome was first reported by Nelson and co-workers, who collected midstream voided
urines of men with and without STIs?®. Urine genetic content was tested via 16S rRNA gene sequencing
and DNA was detected, even in the absence of UTI. Soon afterwards, Wolfe and co-workers used 16S
rRNA gene sequencing to identify bacterial DNA in the culture-negative urines of adult women
undergoing urogynecological surgery>. A vital concern in this analysis was the possibility of vulvo-vaginal
contamination. Thus, the authors assessed sampling technique efficacy and bacterial background by
comparing multiple urine collection methods and adjacent anatomical sites. They sampled bladder urine

using 1) suprapubic aspiration (SPA), which allows direct needle sampling of the bladder in an aseptic



manner and 2) transurethral catheterization (TUC), which involves passing a catheter through the
urethra into the bladder. To control for non-bladder microbes during SPA sampling, they also 3)
swabbed the skin where the needle was inserted and 4) obtained a sham needle stick which was
inserted into the abdomen but did not enter the bladder. Finally, they obtained 5) a vaginal swab and 6)
a midstream voided urine, the so-called “clean catch” method. The microbial profiles of the vaginal and
midstream voided urine samples often resembled each other, evidence that the mid-stream voided
urine was often contaminated with post-urethral (vulvo-vaginal) microbes. The microbial profiles of the
SPA and TUC samples resembled each other, but these profiles differed from the skin, sham needle
stick, vaginal, and midstream voided urine samples. Since the SPA sampling technique bypassed the
vulva and vagina, the authors concluded that the SPA profile reflected the urobiome of the bladder.
Since the TUC and SPA samples resembled each other, the authors also concluded that the TUC method
of urine collection would suffice to obtain bladder urine for future studies®.

Until this point, profiling was based on bacterial DNA detection in urine; therefore, an
outstanding question was if this genetic content came from viable organisms®. Because the standard
urine culture method developed by Dr. Kass and used by clinical laboratories was designed to grow fast-
growing, non-fastidious, facultative anaerobes, it was imperative to develop a new culture method to
unbiasedly grow the bacteria that could be present in urine. Thus, Hilt and co-workers established an
enhanced urine culture (metaculturomic) method called Expanded Quantitative Urine Culture (EQUC),
which could grow a wider range of urinary bacterial’. EQUC provided clear evidence of live bacteria in
standard urine culture (SUC)-negative urine samples and of bacteria in urine even in the absence of a
clinical UTI. Taken together, EQUC and 16S rRNA gene sequencing provided evidence of associations
between the urobiota/urobiome and urinary disorders that had been assumed to be unrelated to

bacteria.



Clinically Relevant Bacteria Species in the Urobiota

Hundreds of species have been identified in the urinary tract, though in terms of clinical
relevance one can argue that some of the highest yields are Aerococcus urinae, Corynebacterium
amycolatum, Enterococcus faecalis, E. coli, Gardnerella vaginalis, K. pneumoniae, Lactobacillus species,
Staphylococcus epidermidis, Streptococcus anginosus, and Streptococcus mitis®2673°, While most of
these species can be present during asymptomatic periods, they can likewise be associated with urinary
conditions such as OAB, UUI, and UTI3¥33_E. coli is the premier uropathogen, but now other A. urinae, C.
amycolatum, E. faecalis, K. pneumoniae, S. epidermidis, S. anginosus, and S. mitis have been associated
with UTI, although all these can be present in the absence of symptoms, especially in the context of
asymptomatic bacteriuria (ASB)**™%. In addition, A. urinae has been associated with OAB and G. vaginalis
with UUI*"2®, Often considered commensal bacteria, S. epidermis and Streptococcus species can be
associated with urinary conditions as well*®%’ Lactobacilli are generally thought of as protective
bacteria, although they can be found in women with and without lower urinary tract symptoms (LUTS)?®.
Lactobacillus jensenii has even been shown to be protective against UTI®®, In contrast, Lactobacillus
gasseri is more frequently detected in women with UUI?. Pertinent questions are why and when these
bacteria species are associated with urinary conditions, and what are the urobiota mechanisms that
influence asymptomatic and symptomatic states.

Dynamics of the Urobiota/Urobiome

A recent study by Price and co-workers showed that the urobiota are not static, but rather seem
to fluctuate between a small number of community state types (phylotypes or urotypes)3¥4°, This
fluctuation can be influenced by the patient’s physiology and health. For example, menstruation and
vaginal intercourse in young asymptomatic adult women have been shown to influence the composition
of the urobiota. The composition of the urobiota may affect urinary health given the individual species

that make up that composition. Lactobacillus crispatus and Lactobacillus iners may be protective and



desirable in the urinary space, whereas L. gasseri has been associated with lower urinary tract
symptoms*!. Urobiota composition and species proportion fluctuations may play a role in potentiating
urinary symptoms. It has been demonstrated that, in an asymptomatic individual, daily fluctuations can
occur in the proportion of the bacteria isolated from urine3%%° Potentially, the fluctuation of “good” and
“bad” bacteria could influence symptoms or disease states342,

The female urobiome (also known as the female urinary microbiome or FUM) has been studied
in the context of urinary disorders with primary examples being OAB and UUI**%*. OAB consists of
frequency of urination and nocturia; participants with OAB have been noted to have differences in their
urobiota compared to non-OAB”*3, OAB participants had greater urobiome diversity and a larger

1743 UUI consists of involuntary urine leakage and a sense of urgency

proportion of Gardnerella bacteria
to urinate; participants with UUl and a detectable microbiome via 16S rRNA sequencing had more
urgency episodes per day compared to those that were sequence-negative®.. L. crispatus was associated
with non-UUl whereas ten other species were associated with UUI?®. In terms of other urinary
conditions, it is worth noting that kidney stones, renal masses often composed of calcium-associated
minerals, also have been associated with bacteria, specifically species known to be uropathogens**.

A urinary disease of primary interest is UTI**. Under the premise that urine is sterile, UTI was
primarily explained as caused by uropathogen invasion of the urinary space (e.g., moving from the
gut)*®. Existence of the urobiota adds complexity to UTI mechanism(s). While it may be true that some
UTIs occur by uropathogen invasion, there is evidence that the urobiota itself could be a source of
uropathogens?®. For example, E. coli with virulence factors and antibiotic resistance has been identified
in the bladder of women even in the absence of infection symptoms; these E. coli strains are
genomically indistinguishable to E. coli in the bladder of women with UTI. Potentially, the inciting event

for UTI could be fluctuations in the composition and proportions of the urobiota®.

It is important to understand urobiota dynamics and determine the mechanisms that influence



fluctuations and population composition. Urobiota dynamics could be influenced by a multitude of
factors; to generate hypotheses for these mechanisms, we can extrapolate from the major influencers
of bacteria in niches worldwide. Bacteriophages (phages) are the top predator of bacteria and likely
modulate these populations in every niche on the planet. Thus, phages likely influence the dynamics of
urinary bacteria®.
Phage Biology and Bacteria-Phage Dynamics

Phages are the most ubiquitous biological entity on Earth, shaping biomass daily on a planetary
scale*’. Phage infection begins with attachment to the bacterial host surface and injection of the phage
genetic material into the cytosol®. Inside the host, the phage can undergo two general lifestyles, lytic or
lysogenic. The lytic pathway begins immediately after phage genetic injection, with phage genome
replication and gene expression inside the host, propagation and assembly of phage particles, and then
lysis of the host so that particles can exit to the environment and renew the life cycle*®=°, In contrast,
the lysogenic lifestyle is characterized by integration of the phage genomic material into the host
genome®’. Depending on the type of phage, integration of the phage genome either involves site-
specific recombination into the host genome (e.g., chromosome, plasmid) or circularization such that
the phage genome replicates as a plasmid. The phage genome is now called a prophage and the host is
called a lysogen®2. Under the proper conditions, for some lysogens, often linked to stressors, the lytic
lifestyle is induced for some phages (i.e., the prophage begins to replicate)®®. Phages do not infect
indiscriminately, but rather have a limited host range, largely dictated by the type of host receptor that
allows the phage to adsorb to the host surface and inject its genome into the cell cytosol®°. Also, phage
infection is not a binary state (i.e., either infection or no infection), but rather a spectrum of
permissiveness modulated by genetic determinants within both the host and the phage.

The phage life cycle results in a multitude of relevant bacteria-phage interactions®>>*>%, The

main implication of host lysis is that phages can potentially consume a population of bacteria®’. This



cannot only decimate a species, but it can alter the overall microbial community by creating or
destroying niches. In contrast to lysis, integration of phage into the host genome may not only delay
killing of the host, but the host gains access to phage genetic material, which may provide biological
advantages®'*2. This effect can be biologically relevant, such as the transfer of the phage-coded Shiga
toxin that converts a harmless E. coli into the deadly Shiga toxin-producing E. coli (STEC)®%. For some
phages, the assembly of phage particles may allow encapsulation of host genetic material, which can
lead to horizontal transfer of traits between bacteria in a population (i.e., transduction)*. Expression of
phage genes also may protect against infection by other phages (i.e., superinfection immunity) and
lysogens may secrete phages to harm competitors?,

Phages were identified in the five microbiome niches studied in the Human Microbiome

t23, Phages have been linked to pathology, such inflammatory bowel disease in the gut and

Projec
periodontal disease in the mouth®®2, The most extensively studied bacteriophage community is that of
the gastrointestinal tract, where phages are estimated to number 2 trillion®. The core phage community
shared among individuals is called the phageome®*. Gut phages have been linked to GI symptoms and
disease, including Chron’s disease and type 2 diabetes®'®*, Despite their relevance to the microbiome,
there is much we do not know about phages. This lack of information is due in part to the complexity of
the phage life cycle and the variation of the structural and biological properties of phages. Sequencing
technology has allowed the identification of phage sequences in microbiomes based on broad
homology, but many phage gene sequences have not been annotated in databases?%%. Currently, only a
small portion of phage genetic sequence material can be identified computationally, which limits our
studies of phage in the microbiome®®.

Multiple laboratory methods have revealed phages in the urinary tract!®2%67.68, phage have been

identified from shotgun metagenomic sequence data of urine samples and by identification of

prophages in individual bacterial genomes!®?%%7, At the bench, phage have been found via phage



particle isolation from the urine and isolated as free-living phage by induction of prophage from bladder
bacteria®®. If bacteria exist in a niche, phage are likely preying on them.
Phage in the Urinary Tract

Phages have been isolated from the urine, dating back to 1917, when Felix d’ Hérelle’s initial
phage experiments identified particles in the urine that could lyse the Shiga bacillus’. At present,
urinary phages have been isolated for Pseudomonas aeruginosa and E. coli, both prominent
uropathogens®’!. From urine obtained from adult women by transurethral catheterization, Putonti and
co-workers isolated seven coliphages, some of which could infect strains of E. coli isolated from urine
collected by catheter from adult female bladders®®. The first metagenome analysis of bacteriophage was
performed by Santiago-Rodriguez and co-workers, who aimed to identify free-living (extracellular) phage
in the bladder, in addition to their presence relative to eukaryotic viruses and bacterial cells®®. The total
viral fraction, composed of eukaryotic and extracellular phage, was analyzed in catheterized and voided
urine of 10 individuals diagnosed with UTl and 10 individuals asymptomatic for UTI. Extracellular phages
were identified in the urine via metagenomic techniques; phages were considerably more abundant
than either eukaryotic viruses or bacterial cells. Despite the abundance of phage in urine, only 27% of
phage sequences identified were homologous to those present in public databases. A subsequent
metagenomic study by Moustafa and co-workers studied the urinary microbiome of 49 individuals,
including those with UTI”2. Phage sequences were identified as homologous to viruses that infect the
genera Escherichia, Enterococcus, Lactobacillus and Pseudomonas. A study by Putonti and co-workers
corroborated this pattern by reconstructing viral genomes that were homologous to phage that infect
the genera Gardnerella, Lactobacillus, and Streptococcus’®.

Phage integrated into the host chromosome (i.e., prophage) can be identified in genomes via
sequencing of bacterial metagenome samples or from sequencing individual isolates’®. Prophages were

identified in the genomes of Gardnerella strains isolated from catheterized urine collected from adult
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women with UUI?. A follow-up study analyzed these strains and publicly available Gardnerella strains
isolated from the bladder and other sites; this study reported the presence of prophages and provided
evidence of horizontal exchange of their genomes’®. Lysogenic phage were present in 181 bacteria
bacterial bladder isolates’. The authors identified more than 400 phage sequences in these 181
genomes; most genomes (86%) contained at least one prophage. Of note is the observation that at over
half (57%) of phages identified had no homology to phage sequences in publicly database, highlighting
how understudied this field of research is?*’>.

A challenge in studying urinary phage is that the urinary microbiome is a low biomass
environment®!’, A metagenomic study attempted to solve the low DNA concentration issue by
amplifying genetic material prior to sequencing; unfortunately, it was reported this method could
potentially bias results’*’®””. Sample collection is a point of contention in urinary phage research. The
studies of Santiago-Rodriguez et al., Rani et al., and Moustafa et al. recovered urine samples using
multiple different techniques; however, for certain collection methods, such as that of voided urine,
there are concerns of contamination with phages from other body sites!¥?%67.72 Because catheterization
retrieves urine from the bladder and does not contain post-urethral contamination, it is the best urine
collection method for the study of bladder phages; however, its invasiveness limits the patient
populations that can be studied’®.

Current expectations for how phage may affect human health are based on ongoing
urobiota/urobiome research, findings from other microbiome sites, and knowledge of basic phage
biology’. For example, the abundance of prophage in people with overactive bladder differs from those
that are asymptomatic’®. When assessing the abundance of extracellular phage in people with UTI, there
was no significant variation with those that were asymptomatic’®. Previous studies have noted that
phage in the epithelium may protect against bacteria, in addition to enhancing the offensive potential of

human cells against bacteria’®®. It has been reported that phage can enter eukaryotic cells and thus
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access intracellular bacterial pathogens®. Phage may also be able to modulate human immune activity
and even antagonize cancer growth®, The ability of phage to horizontally transfer genetic material
between hosts (transduction) raises concerns about the transfer of virulent and fitness traits to
uropathogens, but this genetic transduction associated with commensal and probiotic bacteria is still
understudied®*84, Genetic factors in urinary bacteria that protect against phage infection could be
incorporated into novel probiotics, especially if these traits are already endemic to the urobiome.
Likewise, lytic phages are a promising tool that may be employed in treating UTls. Cataloguing of phage
populations and profiling of phage genetic content is ongoing, but unaddressed questions remain
regarding the genetic determinants of phage-bacteria interactions®.

Phage-bacteria interactions may influence the broad dynamics of the urobiota®2®*’>_ If the
genetic content of phage is essential to understanding phage-bacteria dynamics, then it follows that the
genetic content in bacteria that interacts with phage is also essential®®. Currently, we understand very
little about the traits in urinary bacteria that influence phage interactions. Depending on the genetic
traits present in a bacteria strain, phage could interact with that bacteria population in wildly different
ways: phage could prey on the bacteria, confer beneficial traits, transfer genetic material between cells,
or protect from predation by another phage. Understanding the traits linked to phage-bacteria
interactions may allow us to better understand the urobiota and the urobiota dynamics that impact
health®,

Urinary E. coli

Uropathogenic E. coli (UPEC) is the most common cause of UTI®®#_ |t is so common that it could
be considered near pathognomonic for the condition, even despite accumulating evidence that several
emerging pathogens are also associated with UTIs'*33, Approximately 150 million people per year suffer
from a UTI, and UPEC has been estimated to account for over 70% of community-acquired UTIs%2°,

UPEC’s dominance belies our lack of understanding of its pathology in the urinary tract?®. For decades
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researchers have attempted to identify the UPEC “signature” that would unlock rapid diagnosis and the
pathogenicity mechanism, but even now this goal is unachieved®®%,

A logical solution to identify UPEC is to study its virulence factors and pathogenicity islands, yet
the evidence indicates that the potential of an E. coli strain to be UPEC cannot be predicted by any
genetic elements analyzed thus far?®9%%3, Qutside of genetic signatures, differential expression of genes
involved in transport of potassium, nickel, and copper have been associated with UPEC, but there is no
conclusive link to UPEC’s etiology®®. There is evidence that the gut can be a source of E. coli with the
potential to cause UTI, which gave support to the hypothesis that gut UPEC invades the urinary tract®.
The mechanisms of UPEC may be more complex, however, as E. coli is now recognized as a resident of
the urobiota in some asymptomatic people?®. Some asymptomatic people have E. coli in their urinary
tract that code for virulence factors associated with UPEC potential®. This counters the notion that
UPEC can only be an invader but most of all it goes against the dogma that the presence of E. coli in the
urinary tract invariably results in infection and symptoms.

No genetic marker has been identified that differentiates urinary E. coli associated with UTI from
E. coli present in asymptomatic people?. Likewise, the genomes of urinary E. coli from women
diagnosed with UTI do not differ from women with OAB or UUI%. Given the conclusion that E. coli’s
ability to cause disease cannot be solely linked to its genetic content, the impetus is in finding additional
factors that could explain pathogenicity. Currently, it is hypothesized that the urinary tract itself could
be a source of UPEC given specific conditions, such as fluctuations (dysbiosis) in the composition and
counts of bacteria species in the urobiota®?,

Phage could be a factor that influences the composition and count of bacteria species in the
urinary tract®’>. While the dynamics of coliphage and urinary E. coli in vivo have not been studied, there
is enough evidence in other niches to infer their dynamic in the urinary tract>°. The complexity of the

phage life cycle allows for various interactions with bacteria, both beneficial and detrimental to the
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host>>%, For example, lytic coliphage could modulate the overall E. coli population and/or
disproportionally prey on non-UPEC strains. Coliphage could also lead to the acquisition of genetic
content via transduction or lysogeny, thus increasing fitness and virulence in UPEC strains®’4. Finally,
phage could be a factor in the dynamics of urobiome population flux by disrupting niches, creating a
power vacuum for UPEC to exploit®®®’. Fundamentally, we need to understand the interactions of E. coli
and coliphage before we can assess their impact on the microbiome and associated pathology.

E. coli and Coliphage as a Model to Study Urinary Bacteria-Phage Interactions

Studying phage infection in E. coli necessitates the use of coliphages. Compared to lysogenic
phages, lytic phages are advantaged in bench research since they can be more easily propagated, they
can achieve higher titers, and they have a visually distinct clear phenotype during assays®®°®%°, When
exposed to a permissible host, lytic phage will decrease the turbidity of bacteria in liquid culture; when
spotted on bacteria spread on media plates, lytic phage will result in clear spots/plaques. A prototypical
lytic phage that can serve as a phenotypic example is the coliphage P1vir, commonly used in the
laboratory setting®®1%, P1 is a temperate coliphage of the Myoviridae family and Punavirus genus; P1
has been bioengineered for genetic techniques, used as a cloning vector and for generalized
transduction®®1%, P1vir is a P1 variant that lacks the integrase genes that would enable lysogeny and
thus remains strictly lytic.

Outside of a lytic phage laboratory standard, a urinary E. coli-coliphage model necessitates the
use of urinary lytic phages. The urinary lytic phages Greed and Lust were identified in urine from the
bladder of adult females and their draft genomes published®®. Greed and Lust are tailed phages
(Caudovirales) hypothesized to be Siphoviridae. Despite morphological similarities and overlap in some
genetic content, Greed and Lust grouped separately in terms of genomic homology when assessed with
other coliphages isolated from bladder urine®®. Greed and Lust are noted for robust propagation in

permissive E. coli, resulting in lysate titers comparable to P1lvir.
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E. coliis very convenient in bench research as it has a relatively short doubling time, can grow
well on commonly used laboratory media, and has a high number of well-optimized protocols and tools
available!®, E. coli is advantaged by decades of academic research, having its genome annotated, and
having many of its genes validated biologically. E. coli is a preferred model system in large part due to its
tractability with genetic techniques (e.g., transduction, transformation, conjugation) that allow
consistent and rapid testing of hypotheses!®>!%?, This ease and widespread use have led to powerful
resources in the E. coli community, such as the ASKA collection (a large set of E. coli W3110 ORFs cloned
into the vector pCA24n) and the KEIO collection (single-gene deletions of all nonessential genes in E. coli
K-12)%0%10% These two genetic collections allow for rapid, versatile, and pin-pointed testing of genetic-
based hypotheses in E. coli.

Through an ongoing effort with Dr. Catherine Putonti, we have isolated 67 isolates of bladder E.
coli from catheterized urine samples and sequenced their genomes?®%. These isolates were present in
the urine of women with a UTI, other lower urinary tract symptoms, or without symptoms. The Putonti
lab analyzed these E. coli genomes both in the context of bacterial comparative genomics and in terms
of phage genetic content and abundance?®®°. Whereas the Putonti lab has studied the genetic traits of
phage that are important for infection, it is equally important to study the genetic content of E. coli that
interact with phage®. Traditionally, it was thought that a phage’s ability to infect was determined by
receptor compatibility (i.e., adsorption), but the host range of a phage also can be dictated by genes in
the host that antagonize the various steps of the phage life cycle®.

E. coli Anti-phage Genes

Phage predation acts as a selective pressure on E. coli; therefore, there is an incentive for E. coli
to obtain and retain genetic content that will either result in resistance or decrease permissivity to
phage infection®1%°, Antagonism of phage infection can occur at all the different steps of the phage life

cycle, such as prior to adsorption, after phage genetic injection, or during hijacking of host machinery for



15

phage propagation’®1%71%8 A prototypical method to acquire phage infection resistance is mutation of
the receptor for phage adsorption'%°, Phage recognition and binding of the adsorption receptor
requires specific residues on surface proteins; therefore, changes in these can block adsorption and all
subsequent phage life cycle steps. Access to the phage receptor can be altered in other ways as well,
such as loss of a phage receptor gene or production of an extracellular matrix'®. E. coli can also express
traits that block receptors, such as the surface protein TraT; TraT is a plasmid-borne trait that mainly
blocks binding of plasmid transfer factors to prevent plasmid invasion, but it also has been reported to
block phage that utilize plasmid transfer surface receptors'®’.

Even if the phage can adsorb and inject its genetic content, the bacterial host can still target the
phage genetic content itself. Restriction enzymes can recognize sites predominant or specific to phage
genetic sequences and result in phage genome cleavage'!'. Bacteria also code for CRISPR-Cas systems,
which are adaptive immune defense systems that target invading genetic material®®. Bacteria will
maintain genetic spacers that can recognize the genetic sequence of past invaders; when the sequence
from a spacer is complementary to a current invader, it will then complex with a Cas protein system with
the help of a guide RNA!2. The activated Cas complex will then be able to target and cleave the invading
genetic content.

If the phage is successful in injecting its genetic content, subsequent life cycle steps may be
inhibited by abortive infection systems (Abi)'%>1%, For example, a widespread and robust Abi are the
toxin-antitoxin (TA) modules, such as hok/sok or pemIK to name two examples!!*114 The primary role of
TA modaules is to stably maintain plasmids in the bacterial host. In unstressed conditions, the antitoxin
will bind and neutralize the toxin; loss of the plasmid or stressors (e.g., starvation, phage infection) will
result in degradation of the antitoxin by proteases. If the antitoxin no longer neutralizes the toxin, the
latter will begin to negatively affect the host bacteria; toxins can work through various mechanisms, and

effects can include degradation of RNA and inhibition of proteins essential for the cell life cycle. There is
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evidence that the TA module itself does not mechanistically inhibit the phage, but rather it is
hypothesized that the negative effects of the TA on the host’s cellular stability leads to abortion of the
phage life cycle!?®,

Phages themselves can be a defense mechanism against phage infection. Prophage integrated in
the host genome can express genes that can result in superinfection immunity or superinfection
exclusion®®*_ |n superinfection immunity, the prophage expresses repressor proteins (e.g., Sim in P1
phage) to block post-adsorption steps of the phage life cycle, decreasing the frequency of co-infection or
co-lysogeny®’. Superinfection exclusion results in blocking of phage similar to the existing prophage; a
classical example in E. coli is phage T4, which codes for the proteins Imm and Sp that inhibit injection of
DNA by phages of the TF4 family®,

An important question regarding anti-phage genes in bacteria is how these are maintained and
transmitted in a bacteria population®®118119 |deally, these genes would be maintained in a stable
manner even in the absence of selective pressure and could be easily propagated horizontally and
vertically. Given these considerations, plasmids are a logical candidate for the maintenance and
propagation of anti-phage genes!!#119,

The Plasmidome and the Microbiome

Plasmids are mobile genetics elements (MGE) that can be reservoirs and vectors for genetic
content?12!, Plasmids can be considered as parasitic invaders and thus plasmids rely on various traits
to be stably maintained in the host cell*?2. Plasmids can code for beneficial genetic content that will
increase the fitness of the host and thus be maintained under selective pressure (e.g., genes for
antibiotic resistance, virulence, or metabolism)!?%!%, Plasmids can also be stably maintained by
expressing addiction systems, such as the pem/K TA module?*. Conversely, plasmids can code for traits
that will antagonize invasion by other plasmids, such as the protein TraT that blocks conjugation pili

from attaching71%,
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Plasmids utilize specific replication (Rep) and incompatibility (Inc) proteins for stable replication,
partitioning, and thus inheritance!?'2¢, Plasmids with similar Rep and Inc proteins cannot co-exist, as
they will compete for these factors and eventually one of the plasmids will be lost'?, Multiple plasmids
can be retained in the same host, however, if they use different Rep and Inc proteins. Thus, Rep and Inc
genes can be used to profile the plasmid content of a genome. Granted cataloguing plasmids in this
manner is an approximation, as plasmids are highly heterogeneous and prone to genetic exchange with
other plasmids, phage, and the host chromosome'?!. Given the wealth of information that they can
encode, plasmid analysis can be a substantial source of information concerning the genetic and
biological potential of bacteria.

The plasmidome is the collection of plasmids in a given sample; plasmidome research is a novel
field, the term itself was coined less than a decade ago®?’. The plasmidome can be studied at the level of
a single strain of a species (e.g., only isolates from E. coli 0157:H7), multiple strains of a species (UPEC
isolates) or an entire biological sample (e.g., urine from a patient)?’7'%0, OQver the last decade, there
have been reports on the plasmidome of the microbiome, predominantly from the human gut,
environmental samples, and samples relevant to industry*2®31, To our knowledge, there are no reports
on the plasmidome of the urobiome or even of just the E. coli strains of the urobiome. Plasmids are a
key component of a bacteria’s biological potential, allowing for rapid exchange and persistence of traits
that may be essential under selective pressures, such as antibiotic exposure and metabolite
availability??*132, At least in vitro, plasmids have been shown to impact phage-bacteria dynamics and this
relationship also could exist in the microbiome®*3,

Phage Antagonism by Bacteria Plasmids

An important factor to consider in bacteria-phage dynamics is that bacteria not only need anti-

phage genes, but also require a method to quickly transmit and retain anti-phage genetic content in the

bacteria population®®. Plasmids represent a superb vehicle for the transfer, retention, and selection of
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anti-phage genetic content!32134135 phage can evolve and disseminate rapidly, thus imposing a massive
selective pressure on bacteria®®®. A parallel scenario to phage predation is bacterial exposure to
antimicrobials; an ideal defense to antimicrobials would be for a bacterium to possess plasmid-borne
antimicrobial resistance genes!?*13¢,

The relevance of plasmids to phage infection was reported in in vitro studies dating to the
1980s, though research interest seemed to have been intermittent until the 2010s; this trend parallels
phage biology interest as a whole in these decades!**'%!3’, Plasmid-borne traits may decrease phage
infection and likewise phage selective pressure may increase plasmid retention in bacteria'®*, In
contrast, there is evidence that phage may decrease the retention of some plasmids; this is
hypothesized to occur because the plasmid does not provide protection against the phage!*. Studies
indicate that the genes in plasmids that antagonize phage have varied mechanisms, including restriction

105-

enzymes, adsorption-blocking proteins (e.g., TraT) or TA systems'®~%7_ Plasmids can affect phage

predation dynamics and lead to the acquisition of plasmid-linked traits, such as antibiotic
resistance!!®133,

While evidence that plasmids can be relevant to phage infection has been known for decades,
these studies have been primarily done in vitro!®118119133 Eyrthermore, these studies do not consider
bacteria-phage-plasmid dynamics in the setting of the microbiome; this is understandable as initial
studies took place prior to the explosion of microbiome research that began in the 2000s. It remains
pertinent to question whether plasmids can influence phage dynamics in a complex setting such as the
urobiota, and to identify discrete genetic determinants in plasmids that influence phage infection.

E. coli Plasmids

There is a report on the plasmid content of an individual E. coli strain isolated from an individual

suffering from a UTI*%, but the plasmidome of urinary E. coli as a group of strains has not been studied.
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Furthermore, the plasmidome of urinary E. coli has not been studied in terms of its relevance to phage
infection!?812

In general, E. coli plasmids are highly heterogeneous in composition with sizes that range from
dozens to thousands of kilobases'?!. Despite their variant nature, plasmids in E. coli can be profiled in
terms of their replicons (Rep and Inc groups), such as the IncFl and IncFll group (F plasmids), Col group
(Colicin plasmids), and various others!2%139.140,

Characterizing the plasmidome of urinary E. coli would allow us to better understand the types
of plasmids present, their associated genes, and their biological potential as it relates to key conditions,
such as UTI*31! The genetic content of a plasmid dictates not just effector traits, but also how it is
maintained within its host and transferred either horizontally or vertically892313¢,

F plasmids in E. coli warrant special attention; F plasmids are large genetic elements (~100,000
bp), widespread, genetically stable, and able to transfer genes that confer antibiotic resistance, toxins,
and fitness traits'?3*3%13¢ F plasmids code for transfer genes and can transmitted horizontally via
conjugation*!. F plasmids commonly code for at least one TA plasmid addiction system that increases
plasmid retention even in the absence of selection pressure®®. Finally, F plasmids are known to maintain
antibiotic resistance, often for multiple genes, and thus be deemed as Resistance (R) plasmids with
substantial clinical relevance'?.

Plasmids in E. coli are vectors and reservoirs for antibiotic resistance, toxins, fitness, and
prophage genes'?*'%9, Because all these genes are linked on the plasmid, selection by one factor could
lead to the acquisition of genes outside the selection pressure (e.g., phage predation would result in the
acquisition of plasmids with not just anti-phage genes but also antibiotic resistance genes)'4*43, Phage-

driven selection of bacteria could alter microbiome dynamics and urinary health. Furthermore,

horizontal plasmid transfer could occur between E. coli and other Gram-negative species, affording
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further complexity to the acquisition of anti-phage traits and the selective pressures relevant to the
urobiome?#4-146,
Summary of Introduction
Urinary health can be influenced by the aggregate profile of the urobiota or by individual
bacteria species, such as uropathogens >723, For example, the bacterium E. coli in the urinary tract
could be asymptomatic or the etiological agent of infection, depending on factors like the overall

1477149 Evidence exists that the urobiome can be dynamic, drastically

composition of the urobiota
changing daily by factors, such as menstruation or vaginal intercourse; there is interest in understanding
the range of mechanisms that influence urobiome dynamics®. Phages are viruses of bacteria; they are
the most abundant life form on the planet?®*°, Phages shape biomass on a planetary scale daily from
marine environments to the human microbiome®*°. Phages interact with bacteria in complex and
multifaceted ways; phage can lyse bacteria populations, integrate into the host chromosome and
provide traits, move genetic content horizontally within and across bacteria species, and protect
bacteria from infection by other phages®>>*>%. Phages have been identified in the urinary tract and could
play a key role in shaping urobiota dynamics'®®373, Phage-related genetic content in bacteria, such as
genes that reduce permissibility to phage infection, may affect bacteria-phage interactions and thus the
dynamics of the urobiota®*’.

Very little is known concerning the genetic content of urinary microbiota that modulates phage
infection or how this anti-phage genetic content is maintained and mobilized in the microbiota®>1%,
Bacteria can antagonize the phage life cycle by blocking interaction of phage with the host receptor
(e.g., TraT), destroying injected phage genetic material (e.g., restriction enzymes), or interrupting the
various steps necessary for phage propagation in the host cell (e.g., TA modules)'®. Genes that disrupt

the phage life cycle are not enough, however, as bacteria also require a mechanism to disseminate and

maintain this genetic content'*®*>1, Anti-phage genes have been identified in bacteria plasmids; bacteria
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plasmids have been observed in vitro to influence phage predation and bacteria population
dynamics'*®%°, Plasmids could be utilized by urinary bacteria to mobilize and maintain anti-phage genes
that help modulate phage infection.

Here, | utilize a urinary E. coli and lytic coliphage model to study the genetic determinants in the
E. coli host that modulate phage infection permissibility. Plasmids could be utilized by urinary E. coli to
maintain and transfer anti-phage genes'®'°, Because they are widespread, versatile, and
heterogeneous, F plasmids are a noteworthy type of E. coli plasmids'*2. F plasmids code for their own
conjugation machinery and often carry antibiotic resistance and virulence genes'*'*2, Phage predation
is @ major selective pressure on bacteria; predation by phage could lead to the acquisition of F plasmids
with anti-phage content that contain other linked genes, such as antibiotic resistance and virulence
genes. The interactions of bacteria, plasmids, and phage could be an important factor that shapes the

urobiota and urinary health.



CHAPTER TWO:
METHODS
Urine Collection, Bacterial Culturing, DNA Extraction, and Genome Sequencing

This study uses the urinary E. coli isolates and sequence read data first published in Garretto et
al. 2020 and genome data is found in NCBI BioProject PRINA316969 (Table 1)?8. Urinary isolates were
recovered from urine samples in patients during several Institutional Review Board-approved studies at
Loyola University Chicago (LU203986, LU205650, LU206449, LU206469, LU207102, and LU207152) and
University of California San Diego (170077AW). Urine was collected via transurethral catheter and
transferred to a BD Vacutainer Plus C&S preservative tube to be cultured. The culture technique and
single colony isolation have been described?. Single isolated colonies were verified via Matrix-assisted
laser desorption ionization-time of flight (MALDI-TOF) mass spectrophotometry. Stocks of each isolate
were grown from pure colonies and frozen at —-80°C in 900 pL 50% glycerol mixed with 90 L bacteria
cells.

For DNA extraction, bacteria were grown as liquid cultures in Lysogeny broth (LB) at 37°Cin a
shaking incubator for 12 hours. DNA was extracted via the Qiagen DNeasy UltraClean Microbial Kit using
the standard manufacturer protocol. Qubit fluorometer was used to quantify the DNA concentration of
DNA extractions. Nextera XT DNA library preparation kit was used to make DNA libraries, which were
sequenced on the lllumina MiSeq platform using the MiSeq Reagent Kit v2 (500-cycles) in Loyola

University Chicago’s Genomics Facility (Maywood, IL, United States).
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Table 1. Urinary E. coli Isolates Used in this Study.

Strain Taxonomy Participant condition | Assembly Level WGS BioSample

UMBO0103 | Escherichia coli UTIl asymptomatic GCA_003892645.1 | Contig RRWT00000000 | SAMN09665164
UMBO0149 | Escherichia coli UTI asymptomatic GCA_003892555.1 | Contig RRWS00000000 | SAMN09665165
UMBO0276 | Escherichia coli UTl asymptomatic GCA_003892545.1 | Contig RRWR00000000 | SAMNO09665166
UMBO527 | Escherichia coli UTI asymptomatic GCA_003892535.1 | Contig RRWQO0000000 | SAMNO09665167
UMBO731 | Escherichia coli UTl asymptomatic GCA_003892485.1 | Contig RRWP00000000 | SAMN09665168
UMBO0906 | Escherichia coli UTI symptomatic GCA_003886695.1 | Contig RRWOO00000000 | SAMNO09665169
UMBO0923 | Escherichia coli UTI symptomatic GCA_003892635.1 | Contig RRWN00000000 | SAMN09665170
UMBO0928 | Escherichia coli UTI asymptomatic GCA_003892445.1 | Contig RRWMO00000000 | SAMN09665171
UMBO0931 | Escherichia coli UTI symptomatic GCA_003886495.1 | Contig RRWLO0000000 | SAMNO09665172
UMBO0933 | Escherichia coli UTI asymptomatic GCA_003886675.1 | Contig RRWKO00000000 | SAMNO09665173
UMBO0934 | Escherichia coli UTI symptomatic GCA_003892475.1 | Contig RRWJ00000000 | SAMNO09665174
UMBO0939 | Escherichia coli UTI asymptomatic GCA_003885295.1 | Contig RRURO0000000 SAMNO09665218
UMBO0949 | Escherichia coli UTI symptomatic GCA_003892435.1 | Contig RRWI00000000 | SAMN09665175
UMB1012 | Escherichia coli UTI symptomatic GCA_003886455.1 | Contig RRWH00000000 | SAMN09665176
UMB1091 | Escherichia coli UTI symptomatic GCA_003886445.1 | Contig RRWG00000000 | SAMN09665177
UMB1093 | Escherichia coli UTI symptomatic GCA_003885215.1 | Contig RRUQO0000000 | SAMN09665219
UMB1160 | Escherichia coli UTI symptomatic GCA_003892605.1 | Contig RRWF00000000 | SAMN09665178
UMB1162 | Escherichia coli UTI symptomatic GCA_003892455.1 | Contig RRWE00000000 | SAMN09665179
UMB1180 | Escherichia coli UTI symptomatic GCA_008726795.1 | Contig | VYWI00000000 | SAMN12797014
UMB1193 | Escherichia coli UTI symptomatic GCA_003892595.1 | Contig RRWC00000000 | SAMN09665181
UMB1195 | Escherichia coli UTI symptomatic GCA_008726745.1 | Contig | VYWF00000000 | SAMN12797017
UMB1202 | Escherichia coli UTI symptomatic GCA_003886395.1 | Contig RRWA00000000 | SAMN09665183
UMB1220 | Escherichia coli UTI symptomatic GCA_003886385.1 | Contig RRVZ00000000 | SAMNO09665184
UMB1221 | Escherichia coli UTI symptomatic GCA_003885055.1 | Scaffold | RRUGO0000000 | SAMN10411422
UMB1223 | Escherichia coli UTI symptomatic GCA_003886375.1 | Contig RRVY00000000 | SAMNO09665185
UMB1225 | Escherichia coli UTI symptomatic GCA_008726695.1 | Contig | VYWD00000000 | SAMN12797019
UMB1228 | Escherichia coli UTI symptomatic GCA_003886655.1 | Contig RRVW00000000 | SAMN09665187
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Table 1. Urinary E. coli Isolates Used in this Study (continued)

UMB1229 | Escherichia coli UTI symptomatic GCA_003886345.1 | Contig | RRVV00000000 | SAMN09665188
UMB1284 | Escherichia coli UTI symptomatic GCA_003892355.1 | Contig RRVU0O0000000 | SAMNO09665189
UMB1285 | Escherichia coli UTI symptomatic GCA_003886635.1 | Contig | RRVT00000000 | SAMN09665190
UMB1335 | Escherichia coli UTI symptomatic GCA_003886615.1 | Contig | RRVS00000000 | SAMN09665191
UMB1337 | Escherichia coli UTI symptomatic GCA_003886325.1 | Contig RRVR00000000 | SAMNO09665192
UMB1346 | Escherichia coli UTI symptomatic GCA_003886295.1 | Contig RRVQ00000000 | SAMN09665193
UMB1347 | Escherichia coli UTI symptomatic GCA_003886285.1 | Contig RRVP0O0000000 | SAMNO09665194
UMB1348 | Escherichia coli UTI symptomatic GCA_003886275.1 | Contig RRVO00000000 | SAMNO09665195
UMB1354 | Escherichia coli UTI symptomatic GCA_003886225.1 | Contig RRVNO0000000 | SAMNO09665196
UMB1356 | Escherichia coli UTI symptomatic GCA_003886245.1 | Contig RRVMO00000000 | SAMNO09665197
UMB1358 | Escherichia coli UTI symptomatic GCA_003886195.1 | Contig RRVLO0000000 | SAMNO09665198
UMB1359 | Escherichia coli UTI symptomatic GCA_003886185.1 | Contig RRVK00000000 | SAMNO09665199
UMB1360 | Escherichia coli UTI symptomatic GCA_003886565.1 | Contig | RRVJO0000000 | SAMNO9665200
UMB1362 | Escherichia coli UTI symptomatic GCA_003886175.1 | Contig | RRVIO0000000 | SAMNO09665201
UMB1526 | Escherichia coli UTI symptomatic GCA_003886105.1 | Contig | RRVHO0000000 | SAMNO09665202
UMB1727 | Escherichia coli UTI asymptomatic GCA_003886135.1 | Contig | RRVG00000000 | SAMN09665203
UMB2019 | Escherichia coli UTI asymptomatic GCA_003886115.1 | Contig | RRVFO0000000 | SAMNO09665204
UMB2055 | Escherichia coli UTI asymptomatic GCA_003886095.1 | Contig | RRVEOO000000 | SAMNO09665205
UMB2321 | Escherichia coli UTI asymptomatic GCA_003886555.1 | Contig | RRVD00000000 | SAMNO09665206
UMB2328 | Escherichia coli UTI asymptomatic GCA_003886545.1 | Contig | RRVC0O0000000 | SAMNO09665207
UMB3538 | Escherichia coli UTI asymptomatic GCA_003886535.1 | Contig | RRVBO0O000000 | SAMNO09665208
UMB3641 | Escherichia coli UTI asymptomatic GCA_003885305.1 | Contig | RRUOOD000000 | SAMNO09665221
UMB3643 | Escherichia coli UTI asymptomatic GCA_003885095.1 | Scaffold | RRUFO0000000 | SAMN10411421
UMBA656 | Escherichia coli UTI symptomatic GCA_003886515.1 | Contig | RRVAD0000000 | SAMNO09665209
UMBA4714 | Escherichia coli N/A N/A N/A N/A N/A

UMB4716 | Escherichia coli UTl asymptomatic GCA_003885995.1 | Contig RRUNO000O0000 | SAMNO09665222
UMBA4746 | Escherichia coli UTl asymptomatic GCA_003886045.1 | Contig RRUZ00000000 | SAMNO09665210
UMB5337 | Escherichia coli UTIl asymptomatic GCA_003886035.1 | Contig RRUY00000000 | SAMNO09665211
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Table 1. Urinary E. coli Isolates Used in this Study (continued).

UMB5814 | Escherichia coli UTI symptomatic GCA_003886015.1 | Contig RRUX00000000 | SAMNO09665212
UMBS5924 | Escherichia coli UTI asymptomatic GCA_003886005.1 | Contig RRUWOO0000000 | SAMNO09665213
UMBS5978 | Escherichia coli UTI asymptomatic GCA_003885915.1 | Contig RRUV00000000 | SAMNO09665214
UMBG6360 | Escherichia coli UTI asymptomatic N/A N/A N/A N/A

UMBG6454 | Escherichia coli UTI symptomatic GCA_003885245.1 | Contig RRUUO0O000000 | SAMNO09665215
UMBG6611 | Escherichia coli UTI asymptomatic GCA_003885875.1 | Contig RRUT00000000 | SAMNO09665216
UMB6653 | Escherichia coli UTI symptomatic GCA_003885965.1 | Scaffold | RRUSO0000000 | SAMNO09665217
UMBG6655 | Escherichia coli UTI asymptomatic GCA_003885255.1 | Contig RRULOO0O00000 | SAMNO09665225
UMBG6713 | Escherichia coli UTI asymptomatic GCA_003885145.1 | Contig RRUKO0000000 | SAMNO09665226
UMB6721 | Escherichia coli UTI symptomatic GCA_003885125.1 | Scaffold | RRUJOOO00000 | SAMNO09665227
UMBG6890 | Escherichia coli UTI asymptomatic GCA_003885035.1 | Contig RRUIO0000000 SAMNO09665228
UMB7431 | Escherichia coli UTI symptomatic GCA_003885225.1 | Scaffold | RRUHO0000000 | SAMNO09665229

Note: UTI symptomatic and asymptomatic denote the urinary condition of the participant from which the isolate was isolated.
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Whole Genome Sequence Assembly, Gene Homology Scan, and Annotation

Raw sequence reads for the urinary E. coli isolates were deposited in NCBI’s SRA database as
described in Garretto et al. 2020%. In this work, raw sequence reads for 67 of the urinary E. coli isolates
were trimmed using Sickle v1.33 and assembled using SPAdes v3.12 with k values of 55,77,99,127 and
the only-assembler parameter'>>'>3, Assemblies were renamed via a Bash script and contigs less than
500 bp were removed via bioawk. Assemblies were annotated using Prokka v1.14.5 with standard
parameters in addition to parameters —centre XXX and -compliant®*. Annotation output files were
renamed and reorganized using a Bash script.

The literature was reviewed for genes associated with antagonism to the phage life cycle; these
genes will hereafter be referred as anti-phage genes. The genes were binned into the following groups:
abortive infection system, adsorption blocking, and E. coli receptors known to bind phage (Table 2). The
amino acid sequence for each gene was download from NCBI’s protein database
(https://www.ncbi.nlm.nih.gov/nucleotide). Whole genome sequences were downloaded for the E. coli
laboratory strains K-12 (U00096.2), B (NZ_CP014268.2), C (NZ_CP020543.1), and the UPEC strains
CFTO73 (AE014075.1), UTI89 (NC_007946.1), and NU14 (CP019777.1). The genome sequences of the E.
coli urinary isolates, laboratory strains, and UPEC strains were uploaded to Geneious Prime v2019.0 and
converted into a custom BLAST database®®*. The protein sequence of each anti-phage gene was queried
against each E. coli BLAST database via tblastn?®®. Each query generated multiple hits in each database;
for each hit, a homology score was generated that weighed the query’s sequence identity, query
coverage, and E-value. The top hit of each anti-phage query in each database was organized into a
matrix. In addition, the amino acid sequence of traT and TA genes were queried into the E. coli

databases (Table 3).



Table 2. Anti-phage Genes Queried in Urinary E. coli.

Anti-phage gene | Mechanism GenBank accession
RNApol Conserved E. coli gene (control) AKK16086.1

rexA Abortive infection system WP_085543222.1
rexB Abortive infection system EOWO06363.1

lit Abortive infection system NP_415657.1
prrC Abortive infection system WP_032251799
prrA Abortive infection system BAA97910.1

pifA Abortive infection system BAA97910.1

hok Abortive infection system AVQ79409.1
shok Abortive infection system ACM18292.1
mazE Abortive infection system POAE72.1

mazF Abortive infection system POAE70.1

imm Adsorption blocking AYH53380.1

sp Adsorption blocking NP_049651.1

llp Adsorption blocking YP_009031775.1
mcc)25 Adsorption blocking Q9X2V7.1

traT Adsorption blocking ABC42217.1

Table 3. Receptors Known to Bind Coliphage.

Receptor gene | Phage that can bind GenBank accession
fhuA T1, T5, and ®80 OAF98304.1
ompA M1, Ox2, Tull AX086249.1
ompC 434, Mel, Tulb, T4 EGT66362.1
btuB BF23 EGT70772.1
lamB K10, Lambda OMI64668.1
tolC TLS EGT68750.1
ompF Tula, T2 ABJ00346.1
tonB T1, @80 ANKO06875.1
tsx T6 ANKO05754.1
fadl T2 ANKO02657.1

27



Table 4. Toxin-Antitoxin Modules Queried in Urinary E. coli

TA factor | Operon ID Size (AA) Mechanism for host antagonism

MazF mazEmazF NP_417262.1 111 | Ribosome-independent RNA inteferases
ChpBK chpBchpBK NP_418646.1 116 | Ribosome-independent RNA inteferases
HicA hicAhicB NP_415954.2 58 | Ribosome-independent RNA inteferases
YhaV priFyhaV NP_417599.1 154 | Ribosome-independent RNA inteferases
MgsR mqsRmqsA NP_417494.1 98 | Ribosome-independent RNA inteferases
RnlA rnlArniB NP_417119.1 357 | Ribosome-independent RNA inteferases
RelE relBrelE NP_416081.1 95 | Ribosome-dependent RNA interfereses
YoeB yefMyoeB YP_588458.1 84 | Ribosome-dependent RNA interfereses
YafO yafNyafO NP_414768.1 132 | Ribosome-dependent RNA interfereses
YafQ dinJyafQ NP_414760.1 92 | Ribosome-dependent RNA interfereses
HigB higBhigA NP_417554.1 104 | Ribosome-dependent RNA interfereses
RatA ratAyfjF NP_417109.1 158 | Inhibitor of ribosome subunit association
CbtA yeeUcbtA NP_416509.1 124 | Inhibitors of cell division

Ykfl yafQykfl WP_016243829.1 113 | Inhibitors of cell division

YfjF vifZypjF SOR07133.1 122 | Inhibitors of cell division

GnsA gnsAymcE CDU39217.1 57 | Inhibitor of phospholipid synthesis

HipA hipBhipA AAA56878.1 440 | Unknown

YjhX yjhXyjhQ OUR50196.1 85 | Unknown

YdaS ydaSydaT NP_415875.1 98 | Unknown

PemK pemlpemK AEE59819.1 133 | Endoribonuclease

MazE mazEmazF NP_417263.1 82 | Ribosome-independent RNA inteferases
ChpBI chpBchpBK NP_418645.2 83 | Ribosome-independent RNA inteferases
HicB hicAhicB NP_415955.2 138 | Ribosome-independent RNA inteferases
PriF priFyhaVv NP_417598.1 111 | Ribosome-independent RNA inteferases
MqgsA mqgsRmgsA NP_417493.1 131 | Ribosome-independent RNA inteferases
RnlB rnlArniB NP_417120.2 123 | Ribosome-independent RNA inteferases
RelB relBrelE AZZ87905.1 79 | Ribosome-dependent RNA interfereses
YefM yefMyoeB NP_416521.2 83 | Ribosome-dependent RNA interfereses
YafN yafNyafO NP_414767.1 97 | Ribosome-dependent RNA interfereses
DinJ dinJyafQ NP_414761.1 86 | Ribosome-dependent RNA interfereses
HigA higBhigA NP_417553.1 138 | Ribosome-dependent RNA interfereses
YfjF ratAyfjF NP_417132.1 105 | Inhibitor of ribosome subunit association
YeeU yeeUcbtA ADD91700.1 122 | Inhibitors of cell division

Yafw yafQykfl QBM92663.1 105 | Inhibitors of cell division

YpjZ VifZypjF NP_417132.1 105 | Inhibitors of cell division

YmcE gnsAymcE CAQ31517.1 76 | Inhibitor of phospholipid synthesis

HipB hipBhipA NP_416025.1 88 | Unknown

YihQ yjhXyjhQ NP_418727.1 181 | Unknown

YdaT ydaSydaT NP_415876.1 140 | Unknown

Peml pemlpemK EFH4033665.1 85 | Endoribonuclease
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Plasmidic Assembly, Genomic and Gene Homology Scan, and Annotation

The raw sequence reads of the urinary E. coli isolates were assembled using plasmidspades.py of
SPAdes v3.12 with k values of 55,77,99,127 and the only-assembler parameter’>’. Assemblies were
renamed via a Bash script and contigs less than 500 bp were removed via bioawk. Plasmidic assemblies
were BLASTed via NCBI BLAST and hits were binned as either E. coli plasmid or chromosome®8, A
homology heatmap of plasmidic assemblies was generated using sourmash v4.0 by generating signature
files from the plasmidic assemblies, a signature index, and searching references in the index**°. Plasmidic
assemblies were annotated using Prokka v1.14.5 with standard parameters in addition to the
parameters —centre XXX and -compliant!**. Annotation output files from Prokka were renamed and
reorganized using a Bash script. The open reading frames (ORF) in each *.faa file from all annotations
were concatenated into a single file and sorted by length via the sortbyname.sh script from bbmape°.
ORFs were clustered by homology using USEARCH v.11.0 with the -cluster-fast -id 0.8 -clusters
parameters'®., Files were renamed with the name of the top-most ORF in the file using a Bash script.

” u

Files were filtered using words related to plasmid content, such as “plasmid”, “toxin”, “resist”,
“transfer”, “replicate”, “inc”, etc.

To identify known plasmid Inc and Rep genes, E. coli plasmidic assembly FASTA files were
scanned using PlasmidFinder v2.1 (https://cge.cbs.dtu.dk/services/PlasmidFinder/) using the
Enterobacteriaceae database with a threshold of 95% sequence identity and 60% minimum %
coverage®®?, To identify known acquired antibiotic resistance genes, the FASTA files were scanned with
ResFinder v4.1 (https://cge.cbs.dtu.dk/services/ResFinder/) using the “acquired antimicrobial resistance
genes” option and Escherichia coli species database®. To identify known virulence genes, the FASTA
files were scanned with VirulenceFinder v2.0 (https://cge.cbs.dtu.dk/services/VirulenceFinder/) using
the Escherichia coli species database, with a sequence identity threshold of 90%, and a minimum

sequence length of 60%'*,
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Phage Propagation and Phage Infection Phenotype Testing

The lytic phages P1lvir, Greed, and Lust were described in previous studies and used in this
work®®%, The phage host was prepared by inoculating 5 ml of liquid broth media (TBT for P1vir, LB for
Greed and Lust) with a single colony of E. coli K-12 MG1655 and grown until optical density (OD) ~0.4 in
aerated conditions at 37°C (approximately 50 minutes for MG1655). For phage propagation, 100 ul of
the respective phage at a titer of 10° particle forming unit (PFU)/ml was pipetted into the culture tube
and grown in aerated conditions at 37°C for five hours. The culture was transferred to a 15 ml conical
centrifuge tube and 100 ul of chloroform was added. The tubes were centrifuged at 3000 rpm for 15
minutes, then the supernatant transferred to a new tube and centrifuged again. The supernatant was
transferred to a final conical tube, wrapped in tin foil, and stored at —4 °C.

To quantify the titers of the phages, the full plate titer technique was used?®>. This method
consists of (1) approximating the lowest concentration of phage that results in a cleared spot when the
phage is placed on a host lawn and (2) then a second procedure to assess the plaque counts at that
concentration. E. coli K-12 MG1655 was streaked onto an LB plate and grown overnight at 37°C to verify
purity of the culture. Then, single colonies were grown in 5 ml liquid LB overnight in aerated conditions
at 37°C. From each overnight culture, 100 ul were transferred to a new 5ml liquid LB tube subculture
and grown in aerated conditions at 37°C until early exponential phase at OD ~0.4. From each
subculture, 200 ul were transferred into a tube prepared with 0.7% agar LB media pre-heated to 52°C
and immediately the tube was mixed and then poured and spread onto the surface of an 1.5% agar LB
plate. Phage were titrated by 1:10 serial dilution in LB with an estimated starting concentration of 10%°
PFU/ml and a final concentration of 102 PFU/ml. Phage spots (10 ul spotted) were allowed to dry for 20
minutes and plates were incubated overnight at 37°C. The following day, the lowest concentration that
resulted in clearance was noted. To count the number of plaques more accurately at this given phage

titer, the process outlined above (streaking, culturing, subculturing K-12 MG1655) was repeated with
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the following modification: after 200 ul of subculture was added to a tube prepared with 0.7% agar LB
media pre-heated to 52°C, titrated phage also was added to the tube. The phage dilution used
corresponded to the lowest concentration that resulted in clearance plus one phage dilution above and
one below (for a total of three dilutions tested per phage titer quantified). Plates were incubated at
37°C; the next day, plagues on the plates were counted. The titer of the phage as PFU per ml was
determined by the equation:

PFU/ml = (plaques on plate/volume of phage added)/(dilution factor of phage added)

The phage spot titration assay was used to test permissibility of E. coli isolates to P1vir, Greed,
and Lust. The urinary, laboratory, and UPEC strains were re-streaked and grown overnight at 37°C to
verify pure cultures. Single colonies per isolate were grown in in 5 ml liquid LB overnight in aerated
conditions at 37°C. From each overnight culture, 100 ul were transferred to a new 5ml liquid LB tube
subculture and grown in aerated conditions at 37°C until early exponential phase at OD ~0.4. From each
subculture, 200 ul were transferred into a tube prepared with 0.7% agar LB media pre-heated to 52°C
and immediately mixed and plated on a 1.5% agar LB plate. Overlaid plates were allowed to cool for 10
minutes and 10 ul of each phage was spotted with a pipette on the plate surface; spotting with liquid LB
was used as a negative control. The phage spots were allowed to dry for 20 minutes at room
temperature and the plates were incubated at 37°C overnight. The phage permissibility phenotype was
assessed by observing the plates at all titrations and noting if there was a clear spot, turbid spot, or no
spot.

Urinary Plasmid Conjugation in E. coli

The urinary E. coli isolates were grown on various antibiotic plates to assess their selection
marker profile. LB plates were made with the following antibiotics: Ampicillin (Amp, 100 ug/ml),
Chloramphenicol (Cam, 25 ug/ml), Kanamycin (Kan, 40 ug/ml), Spectinomycin (Spec, 100 ug/ml), and

Tetracycline (Tet, 15 ug/ml). The urinary and laboratory E. coli isolates were streaked and incubated
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overnight at 37°C; growth then was assessed as a binary (yes/no) as to whether colonies were present
or not. The plasmidic assemblies of the urinary E. coli were reviewed for any ORF annotated as an
antibiotic resistance gene and compared to growth on the selection plates.

Conjugation was utilized as the method to transfer plasmids from urinary E. coli to a naive
laboratory E. coli K-12 strain®®®. Urinary E. coli plasmid donor candidates were filtered on the following
basis: they could grow on an antibiotic selection marker, they carried a gene that was predicted to
encode antibiotic resistance, they had evidence of conjugation genes, and they had not been permissive
to phage infection. See Table 5 for conjugation plasmid donors and recipients.

Isolates used in the conjugation assay were streaked on LB plates with the appropriate selection
marker and incubated overnight at 37°C, then cultured with the appropriate selection maker in liquid LB
media supplemented with an antibiotic (concentration noted above) and incubated overnight in aerated
conditions at 37°C. For each overnight culture, 1 ml was transferred to a 1 ml microtube and centrifuged
at 13500 rpm for one minute. The supernatant was discarded, and the pellet was resuspended in 1 ml of
LB liquid and centrifuged at 13500 rpm for one minute; this was repeated to remove the rest of the
antibiotic. To create the conjugation culture, 100 ul from the plasmid donor was mixed with 100 ul of
the plasmid recipient; this suspension was vortexed and spotted onto an LB plate with no added
selection marker. The unmixed plasmid donor and recipients also were spotted separately onto LB
plates, as controls; all plates were incubated overnight at 37°C. Each overnight spot was scrapped from
the LB plates and placed in a 1 ml microtube; the microtube was centrifuged at 1300 rpm for 1 minute.
The supernatant was removed from the microtube and the pellet resuspended in 1 ml of LB liquid. From
each microtube, a volume of 100 ul and 10 ul were plated into a respective LB plate with the
appropriate selection marker (plasmid donor selection maker, plasmid recipient selection marker,

double selection marker, LB plate). Plates were incubated overnight at 37°C. On the next day, colonies



33

were counted for all plates.

Table 5. Urinary E. coli Plasmid Recipient and Donors.

Strain Background Conjugation role BLAST hit Conjugation camR on tetR on Cm Tet Cam/Tet Expected
machinery on chromosome plasmid plate plate plate transconjugants
plasmid assembly on Cam Tet

plates

AIW1776 MG1655 Plasmid recipient Chromosomal No No No No No No No

negative control

AJW4793 MG1655 Plasmid recipient Chromosomal No Yes No Yes No No Yes

pCA24n-cm

AJW5116 MG1655 Plasmid recipient Chromosomal No Yes No Yes No No Yes

yfiQ::Cm,
cobB::FRT

umB1284 Urinary Plasmid donor Plasmid Yes No Yes No Yes No Yes

UMB0928 Urinary Plasmid donor Plasmid Yes No Yes No Yes No Yes

UmMB1223 Urinary Plasmid donor Plasmid Yes No Yes No Yes No Yes

UMB6721 Urinary Plasmid donor Plasmid Yes No Yes No Yes No Yes

UMB1091 Urinary Plasmid donor Plasmid Yes No Yes No Yes No Yes

UMB0939 Urinary Plasmid donor Chromosomal Yes No No No Yes No No

negative control

UMB1362 Urinary Plasmid donor Chromosomal Yes No No No Yes No No

negative control

From the double selection marker plates, single colonies were re-streaked onto fresh double
selection marker plates and grown overnight at 37°C to verify purity. On the next day, single colonies
grown on the second double selection marker plate were tentatively referred to as transconjugants;
these were grown overnight in 5 ml LB liquid in the presence of both selection markers. From the
overnight transconjugant cultures, 100 ul was transferred to a fresh 5 ml LB liquid supplemented with
both selection markers and incubated until early exponential phase (OD ~0.4). From these subcultures,
900 ul was transferred into a cryovial tube with 100 ul dimethyl sulfoxide (DMSO) and placed at -80°C

for long-term storage.

E. coli K-12 Constructs for Conjugation and Phage Permissiveness Phenotype Testing
Multiple E. coli K-12 MG1655 constructs were conjugated with urinary strains to test the effect
of the urinary plasmid on phage infection permissiveness (Table 6). E. coli K-12 MG1655 with the empty
vector pCA24n was used to select for the chloramphenicol resistance in the plasmid recipient; this

construct would test the effect of the urinary plasmid on the phenotype in the absence of chromosomal
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mutations. E. coli K-12 MG1655 with deletions of the genes yfiQ and/or cobB were used to select for
antibiotic resistance present in the chromosome; these constructs would test the effect of the urinary
plasmid in different genetic backgrounds related to protein acetylation. When possible, an existing K-12
construct in the Wolfe Lab collection were used. The pCA24n empty vector was purified from E. coli K-12
strain MG1655 (also known as AJW4793). The vector expressing yfiQ was purified from E. coli K-12 strain
JW2568 carrying pCA24n-yfiQ of the ASKA collection.

To test the change in phage infection permissiveness of the K-12 transconjugants, the phage
spot titration assay was utilized. E. coli transconjugants and controls were streaked from frozen stocks
on the appropriate selection maker and incubated overnight at 37°C. Single colonies were used to
inoculate 5 ml LB with the appropriate selection marker and incubated overnight in aerated conditions
at 37°C. From each overnight culture, 100 ul was transferred to 5 ml of LB liquid with the appropriate
antibiotic and incubated in aerated conditions at 37°C until early exponential phase (OD ~0.4). From
each of these subcultures, 200 ul were transferred to a tube prepared with 0.7% agar LB media pre-
heated to 52°C and immediately mixed and plated onto an 1.5% agar LB plate. Plates were allowed to
cool for 10 minutes and spotted with 10 ul of diluted phage suspension. Phage was titrated by 1:10
serial dilution in LB with a starting concentration of 10'° PFU/ml and a final concentration of 10 PFU/ml.
Phage spots were allowed to dry for 20 minutes and plates were grown overnight at 37°C. The following
day, phage spots were visualized; the lowest titration that resulted in clearance was noted; an integer
was given to each titration based on the number of dilutions it was removed from the starting
concentration (the lowest titration being one and the highest being eight). To assess the effect of the
urinary plasmid on the phage permissiveness of the transconjugant E. coli K-12, growth curves were

made as described here.



Table 6. E. coli K-12 Constructs Used as Plasmid Recipients.
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E. coli strain | Construct | Mutation ASKA plasmid Marker Reason for using
MG1655 AJW1776 | WT None None Wild type negative control (no selection marker)
MG1655 AJW4793 | WT pCA24n-Empty | Cm Plasmid recipient, empty vector
MG1655 AJW5035 | yfiQ::Kn None Kn yfiQ deletion, no vector
MG1655 AJW1776 | WT pCA24n-yfiQ Cm yfiQ vector, overexpression
MG1655 AJW5035 | yfiQ::Kn pCA24n-yfiQ Kn, Cm yfiQ complement
MG1655 AJW5035 | yfiQ::Kn pCA24n-Empty | Kn,Cm CyfiQ deletion control, empty vector
MG1655 AJW5184 | yfiQ::Cm None Cm yfiQ deletion, different selection marker
BW25113 AJW4688 | yfiQ::Kn None Kn, Tc yfiQ deletion, different K-12 background
MG1655 AJW5037 | cobB::Cm | None Cm Different gene deletion

yfiQ::Cm,

MG1655 AJW5116 | cobB::FRT | None Cm No acetylation system (yfiQ and cob deletion)

Table 7. E. coli K-12 Constructs Made Carrying Urinary E. coli Plasmids.

Urinary
E. coli strain Construct | Mutation ASKA plasmid plasmid Marker Reason for using
MG1655 AJW4793 | WT pCA24n-Empty | puU0928 Cm, Tc Empty vector, bladder plasmid
MG1655 AJW4793 | WT pCA24n-Empty | pU1091 Cm, Tc Empty vector, bladder plasmid
MG1655 AJW4793 | WT pCA24n-Empty | pU1223 Cm, Tc Empty vector, bladder plasmid
MG1655 AJW4793 | WT pCA24n-Empty | pU1284 Cm, Tc Empty vector, bladder plasmid
MG1655 AJW4793 | WT pCA24n-Empty | pU6721 Cm, Tc Empty vector, bladder plasmid
yfiQ complement, bladder
MG1655 AJW5035 | yfiQ::Kn pCA24n-yfiQ puU0928 Cm, Kn, Tc plasmid
MG1655 AJW5035 | yfiQ::Kn pCA24n-Empty | pu0928 Cm, Kn, Tc Empty vector, bladder plasmid
yfiQ deletion, different
selection marker, bladder
MG1655 AJW5184 | yfiQ::Cm None puU0928 Cm, Tc plasmid
yfiQ deletion, different K-12
BW25113 AJW4688 | yfiQ::Kn None puU0928 Kn, Tc background
Cm, Tc Different gene deletion,
MG1655 AJW5037 | cobB::Cm | None pu0928 bladder plasmid
yfiQ::Cm, Cm, Tc No acetylation system, bladder
MG1655 AJW5116 | cobB::FRT | None pu0928 plasmid
yfiQ::Cm, Cm, Tc No acetylation system, bladder
MG1655 AJW5116 | cobB::FRT | None puU1091 plasmid
yfiQ::Cm, Cm, Tc No acetylation system, bladder
MG1655 AJW5116 | cobB::FRT | None pU1223 plasmid
yfiQ::Cm, Cm, Tc No acetylation system, bladder
MG1655 AJW5116 | cobB::FRT | None puU1284 plasmid
yfiQ::Cm, Cm, Tc No acetylation system, bladder
MG1655 AJW5116 | cobB::FRT | None pU6721 plasmid

E. coli transconjugants and controls were streaked from frozen stocks on the appropriate

selection maker and incubated overnight at 37°C. Single colonies were used to inoculate 10 ml LB with
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the appropriate selection marker and incubated overnight in aerated conditions at 37°C. From each
overnight culture, 1 ml was transferred to 25 ml of LB liquid in a 25 ml flask. The OD was measured to
assess whether all cultures were approximately at the same cell density (OD ~0.2) and then subcultures
were incubated in aerated conditions at 37°C until early exponential phase (OD ~0.4). Each phage (P1vir,
Greed, Lust) was titrated and 0.5 ml was added to the flask to achieve a multiplicity of infection (MOI) of
0.0, 0.01, and 10.0. Cultures were grown in aerated conditions at 37°C for 8 hours with OD measured

every hour. Each treatment in the growth curve was repeated in triplicate.

Bladder Plasmid Extraction, Sequencing, and Analysis

E. coli K-12 transconjugants are listed in Table 7 and those picked for sequencing were verified
as E. coli by MALDI-TOF. For DNA extraction, bacteria were grown as liquid cultures in LB (with
tetracycline as selection marker for the urinary plasmids) at 37°C in a shaking incubator for 12 hours.
Whole genome DNA was extracted via the Qiagen DNeasy UltraClean Microbial Kit using the standard
manufacturer protocol. Plasmid DNA was extracted via the Qiagen Large-Construct Kit using the
standard manufacturer protocol. Qubit fluorometer was used to quantify the DNA concentration of DNA
extractions. Nextera XT DNA library preparation kit was used to make DNA libraries, which were
sequenced on the Illlumina MiSeq platform using the MiSeq Reagent Kit v2 (500-cycles) in Loyola
University Chicago’s Genomics Facility (Maywood, IL, United States).

The raw sequence reads of the urinary E. coli isolates were assembled using plasmidspades.py of
SPAdes v3.12 with k values of 55,77,99,127 and the only-assembler parameter'®’. Assemblies were
renamed via a Bash script and contigs less than 500 bp were removed via bioawk. Plasmidic assemblies
were BLASTed via NCBI (web) BLAST and hits were binned as either E. coli plasmid or chromosome.
Plasmid assembly®*8. Plasmidic assemblies were annotated using Prokka v1.14.5 with standard
parameters in addition to —centre XXX and -compliant?**. Annotation output files from Prokka were

renamed and reorganized using a Bash script. The ORF in each *.faa file from all annotations were
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concatenated into a single file and sorted by length via the sortbyname.sh script from bbmap. ORFs
were clustered by homology using USEARCH v.11.0 with the -cluster-fast -id 0.8 -clusters parameters®®,
The genetic content of the curated plasmid assemblies (e.g. pruned of chromosomal contigs) was
scanned with PlamsidFinder, ResFinder, and VirulenceFinder!271%4 Raw sequence reads were mapped to
the curated plasmid assemblies via the BBmap plugin in Geneious>>*¢°,

Estimates of ORFs assigned a known function or hypothetical function and lists of distinct ORFs
in a plasmid were made via Bash scripts. ORF lists were reviewed for ORFs sequences shared by plasmids
pU0928, pU1223, and pU1284 (0.8 amino acid sequence identity threshold). The three ORFs shared by
pU0928 and pU1284 were scanned via web BLAST, protein domains were reviewed, and aligned to
assess ORF homology between plasmids. The three ORFs shared by the anti-phage plasmids (pU0928
and pU1284) were queried in all urinary E. coli plasmidic assemblies via Local BLAST to assess presence
(sequence identity >90%, query coverage >90%)*°®. Urinary E. coli plasmidic assemblies with any of the
three ORFs were concatenated into a single file with a Bash script and compared for overall homology
via sourmash®®,

Phage-like Genetic Content in Urinary E. coli Anti-phage Plasmids

A phylogenetic tree of phage integrase sequences was made to assess the relationship of the
urinary E. coli phage integrase in pU0928 and pU1284 to phage integrases in the NCBI database. Phage
integrase amino acid sequences were obtained via web BLAST hits from the pU1284 phage integrase,
random searches for “phage-integrase” in the NCBI gene database (either plasmid, phage, or whole-
genome), and homologs of the Lambda phage integrase. Phage integrase sequences of bacteria whole
genome origin were EDU65901.1 (E. coli), EDV61695.1 (E. coli), KMG57351.1 (K. pneumoniae),
WP_000845048.1 (Multispecies), WP_097473620.1 (E. coli), WP_197577570.1 (Comamonas
thiooxydans), SAY12656.1 (K. pneumoniae), EBZ3358802.1 (Salmonella), CAA11470.1 (Pseudomonas

aeruginosa), EFW2126725.1 (Shigella oydii), AVV61735.1 (Serratia proteamaculans). Phage integrase
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sequences of phage origin were P03700 (Lambda phage), AOA346FJ43 (Enterobacteria phage),
KRM93595.1 (Lactobacillus senioris phage), K7P8A1 (Escherichia phage), K7PMHS8 (Escherichia phage),
BAB48054.1 (Mesorhizobium japonicum phage), AGF84336.1 (Salmonella enterica phage), ENO07474.1
(E. coli phage), VBI72162.1 (Burkholderia pseudomallei), YP_009823978.1 (Erwinia phage), P21442.1
(VINT_BPHC1 phage), NP_680502.1 (Lactobacillus phage A2), VVL20124.1 (Vibrio phage), P08320.2
(VINT_BPP4), P27077.1 (VINT_BPP21), QBQ72150.1 (Serratia phage Parlo), CAL11869.1 (Yersinia
enterocolitica phage). Phage integrase sequences of plasmid origin were pU0928 (E. coli), pU1284 (E.
coli), BAW89208.1 (E. coli), ABC42260.1 (E. coli), ASI37956.1 (E. coli), CAX66675.1 (Lactobacillus
johnsonii), QJS06527.1 (Arthrobacter sp.), ABG11677.1 (Mycobacterium sp. MCS), ABV95733.1
(Dinoroseobacter shibae), CEK42513.1 (Pseudomonas fluorescen), ADY68011.1 (Agrobacterium sp),
AIW54703.1 (Clostridium botulinum), ACF28473.1 (Azospirillum baldaniorum), ABG65572.1
(Chelativorans sp. BNC1), ABA24901.1 (Trichormus variabilis). Phage integrases from pU0928 and
pU1284 have a two amino acid difference (P to L at position 228, V to F at position 232).

puU0928, pU1223, and pU1284 were scanned for phage genetic content via PHAST and PHASTER
using default settings'®/1¢8, Phage sequence maps generated by PHASTER were downloaded. Phage-like
sequences predicted by PHAST and PHASTER were aligned to assess if there were redundant sequences,
which were pruned. The phage-like sequences were compared to one another on overall sequence
homology via sourmash®®°. The phage-like sequences from pU0928, pU1223, and pU1284 were
annotated using Prokka v1.14.5 with standard parameters in addition to —centre XXX and -compliant>*,
Annotation output files from Prokka were renamed and reorganized using a Bash script. The ORF in each
* faa file from all annotations were concatenated into a single file and sorted by length via the
sortbyname.sh script from bbmap!°. ORFs were clustered by homology using USEARCH v.11.0 with the -
cluster-fast -id 0.8 -clusters parameters'®®, Lists of distinct ORFs in a plasmid were made via Bash scripts

and reviewed for ORFs sequences shared by plasmids pU0928, pU1223, and pU1284 (0.8 amino acid
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sequence identity threshold). Urinary E. coli plasmidic assemblies predicted to have the phage integrase
ORF shared by pU0928 and pU1284 were scanned via PHASTER®E,
Plasmid Analysis of Urinary Microbiome Species

WGS assemblies were obtained for various urinary species (Aerococcus urinae, Corynebacterium
amycolatum, Enterococcus faecalis, Gardnerella vaginalis, Klebsiella pneumoniae, L. gasseri,
Lactobacillus jensenii, Staphylococcus epidermidis, Streptococcus anginosus, and Streptococcus mitis)
from NCBI BioProject PRINA316969 (Table 8). Contigs were scanned with PlasmidFinder to identify inc
and rep genes*®. For species with evidence of plasmid content like that in urinary E. coli, raw sequence
reads were assembled using plasmidspades.py of SPAdes v3.12 with k values of 55,77,99,127 and the

157 Assemblies were renamed via a Bash script and contigs less than 500 bp

only-assembler parameter
were removed via bioawk. Plasmidic assemblies were BLASTed via NCBI (web) BLAST and hits were
binned as either plasmid or chromosome®8, The curated plasmid assembly consisted of only contigs
with homology to plasmids in the NCBI database.

Plasmidic assemblies were annotated using Prokka v1.14.5 with standard parameters in addition
to —centre XXX and -compliant!**. Annotation output files from Prokka were renamed and reorganized
using a Bash script. Annotated ORFs were filtered based on being involved in plasmid transfer, plasmid

replication, and virulence. Plasmid assemblies were scanned for phage content via PHASTER®, Plasmid

assemblies were compared to urinary E. coli plasmid assemblies via sourmash®*°,
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Strain Taxonomy # Assembly Level WGS BioSample
UMB637 Aerococcus urinae GCA_008726885.1 Contig VYWL0O0000000 SAMN12797010
UMB970 Aerococcus urinae GCA_008726845.1 Contig VYWKO00000000 SAMN12797012
UMB2126 Aerococcus urinae GCA_008726675.1 Contig VYWAQ00000000 SAMN12797023
UMB7049 Aerococcus urinae GCA_008726475.1 Contig VYVT00000000 SAMN12797031
UMB8614 Aerococcus urinae GCA_008726385.1 Contig VYVN00000000 SAMN12797038
UMB8662 Aerococcus urinae GCA_008726315.1 Contig VYVK00000000 SAMN12797041
UMB8711 Aerococcus urinae GCA_008726285.1 Contig VYVI00000000 SAMN12797043
Corynebacterium
UMB9184 amycolatum GCA_008726215.1 Contig VYVF00000000 SAMN12797046
Corynebacterium
UMB9256 amycolatum GCA_008726175.1 Contig VYVD00000000 SAMN12797048
Corynebacterium
UMB7760 amycolatum GCA_008726455.1 Contig VYVQ00000000 SAMN12797034
Corynebacterium
UMB1310 amycolatum GCA_008726645.1 Contig VYWB00000000 SAMN12797022
Corynebacterium
UMB1182 amycolatum GCA_008726785.1 Contig VYWHO00000000 SAMN12797015
UMB7780 Enterococcus faecalis GCA_012030205.1 Contig JAAUVY000000000 SAMN14478493
UMBO0843 Enterococcus faecalis GCA_012030565.1 Contig JAAUWL000000000 SAMN14478480
UMB1309 Enterococcus faecalis GCA_012030535.1 Contig JAAUWG000000000 SAMN14478485
UMB0768 Gardnerella vaginalis GCA_013315255.1 Scaffold JABUGZ000000000 SAMN15064053
UMB1686 Gardnerella vaginalis GCA_013315215.1 Contig JABUHA000000000 SAMN15064054
UMBO0264 Gardnerella vaginalis GCA_013315195.1 Scaffold JABUHC000000000 SAMN15064056
UMB0170 Gardnerella vaginalis GCA_013315145.1 Scaffold JABUHD000000000 SAMN15064057
UMB1642 Gardnerella vaginalis GCA_013315135.1 Contig JABUHEO00000000 SAMN15064058
UMB7783 Klebsiella pneumoniae GCA_012030295.1 Contig JAAUVW000000000 SAMN14478495
UMB8492 Klebsiella pneumoniae GCA_012030275.1 Contig JAAUVU000000000 SAMN14478498
UMB7779 Klebsiella pneumoniae GCA_012030245.1 Contig JAAUVZ000000000 SAMN14478492
UMB1399 Lactobacillus gasseri GCA_007826985.1 Scaffold VNGD00000000 SAMN12277447
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UMB4205 Lactobacillus gasseri GCA_007786065.1 Contig VNFS00000000 SAMN12277458

UMB3077 Lactobacillus gasseri GCA_007786195.1 Scaffold VNGC00000000 SAMN12277448

UMB2965 Lactobacillus gasseri GCA_007785975.1 Contig VNFT00000000 SAMN12277457

UMB1196 Lactobacillus gasseri GCA_007785965.1 Contig VNFU00000000 SAMN12277456

UMBO0607 Lactobacillus gasseri GCA_007785995.1 Scaffold VNFY00000000 SAMN12277452

UMBO0055 Lactobacillus jensenii GCA_007786035.1 Scaffold VNFZ00000000 SAMN12277451

UMB1307 Lactobacillus jensenii GCA_007786135.1 Scaffold VNGG00000000 SAMN12277444
Staphylococcus

UMB7765 epidermidis GCA_012030625.1 Contig JAAUWDO000000000 SAMN14478488
Staphylococcus

UMB8493 epidermidis GCA_012029805.1 Contig JAAUVT000000000 SAMN14478499
Staphylococcus

UMB1227 epidermidis GCA_008728125.1 Contig VYYY00000000 SAMN12797020
Staphylococcus

UMB626 epidermidis GCA_008726905.1 Contig VYWN00000000 SAMN12797008
Staphylococcus

UMB593 epidermidis GCA_008727015.1 Contig VYWS00000000 SAMN12797002
Staphylococcus

UMB1201 epidermidis GCA_008726735.1 Contig VYWEO00000000 SAMN12797018
Staphylococcus

UMB1188 epidermidis GCA_008726775.1 Contig VYWG00000000 SAMN12797016
Staphylococcus

UMB7759 epidermidis GCA_008726465.1 Contig VYVR00000000 SAMN12797033
Staphylococcus

UMB9183 epidermidis GCA_008726255.1 Contig VYVG00000000 SAMN12797045

UMB7768 Streptococcus anginosus GCA_012030235.1 Contig JAAUWBO000000000 SAMN14478490

UMBO0839 Streptococcus anginosus GCA_012030555.1 Contig JAAUWMO000000000 SAMN14478479

UMB1296 Streptococcus anginosus GCA_012030005.1 Contig JAAUWHO000000000 SAMN14478484

UMB248 Streptococcus anginosus GCA_008727075.1 Contig VYWV00000000 SAMN12796999

UMB567 Streptococcus anginosus GCA_008727045.1 Contig VYWU00000000 SAMN12797000

UMB8710 Streptococcus anginosus GCA_008726305.1 Contig VYVJ00000000 SAMN12797042

UMB8390 Streptococcus anginosus GCA_008726415.1 Contig VYVP00000000 SAMN12797036

UMB8616 Streptococcus anginosus GCA_008726365.1 Contig VYVM00000000 SAMN12797039

SM50 Streptococcus mitis GCA_009496905.1 Contig WI1JB00000000 SAMN13105985

SM49 Streptococcus mitis GCA_009496895.1 Contig WI1JC00000000 SAMN13105984

SM18 Streptococcus mitis GCA_009496835.1 Contig WI1200000000 SAMN13105987

SM17 Streptococcus mitis GCA_009496825.1 Contig WIJA00000000 SAMN13105986

SM36 Streptococcus mitis GCA_009496815.1 Contig WIIW00000000 SAMN13105990

SM19 Streptococcus mitis GCA_009496805.1 Contig WI1YO0000000 SAMN13105988

SM37 Streptococcus mitis GCA_009496795.1 Contig WI1V00000000 SAMN13105991

SM42 Streptococcus mitis GCA_009496755.1 Contig WI1U00000000 SAMN13105992




CHAPTER THREE:
EXPERIMENTAL RESULTS
Anti-phage Genes in Urinary E. coli

The comparative genomics of the urinary E. coli isolates used in this work was reported in
Garretto et al. 2020. The current project further characterizes these genomes. To identify genes that
may antagonize phage infection, | scanned the contigs of these isolates for sequence homology to 27
genes; as controls, | also scanned the genome of the laboratory strain E. coli K-12 and three classical
UPEC strains (CFT073, NU14, UTI89) (Figure 1a-c). A homology score of 100 indicates identical sequence
identity between the gene query and the scanned genome. A homology score of 0 indicates absence of
the query in the scanned genome. A homology score between 100 and O for a gene would indicate some
conserved regions in the scanned genome (e.g., a homolog or mutant). A large error bar would indicate
mixed levels of conservation within a group. Anti-phage genes of interest would be those differentially
present in the urinary isolates but not present in E. coli K-12, which is phage permissive. Alternatively,
such genes could have highly variable scores amongst the urinary isolates, indicating the presence of
anti-phage gene homologues within some of those isolates but not others.

RNA polymerase was used as a positive control, as it was expected to be conserved and thus
have a homology score near 100 for all genomes. | assessed genes reported to be associated with
abortive effects on the phage life cycle (Figure 1a), blocking phage adsorption (Figure 1b), or
documented to be receptors used by phage for adsorption (Figure 1c). Amongst the urinary isolates,

phage life cycle abortive genes with highly variable scores were rexA, hok, shok, mazE, and mazF. rexB is

42
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a lambda phage gene that aborts lytic growth of bacterial viruses and it presence could denote infection
by a lambda-like phage in some urinary isolates. The genes hok/shok and mazEF are Toxin-Antitoxin (TA)
modules associated with plasmid addiction/retention and inhibition of life cycle processes essential to
the host cell (Figure 1a). Amongst the urinary isolates, phage adsorption blocking genes with highly
variable scores were imm and traT (Figure 1b). The imm gene is a phage T4 gene associated with
superinfection immunity and could indicate prophage infection in some isolates. traT is a plasmid-borne
gene that blocks invading plasmids, but also can block phage from binding to cell surface proteins.
Genes for prototypical coliphage receptors had similar homology scores between E. coli K-12, the UPEC
strains, and the urinary isolates with error bars that indicate no statistical difference, indicating that
these genes are conserved in all genomes scanned (Figure 1c).

Of the genes in the urinary isolates with high variance (rexB, imm, hok/shok, mazEF, and traT),
the common denominators were: (1) rexB and imm, which are associated with prophage, and (2)
hok/shok, mazEF, and traT, which are associated with plasmids. The genes mazEF were highly conserved
in E. coli K-12, which is permissible to phage infection by P1vir, Greed, and Lust (Figure 2), but the large
variance for mazEF in the UPEC strains and the urinary isolates could indicate that some of these
genomes could carry mazEF homologues. Different TA modules could result in different phage
permissivity phenotypes. To assess if TA genes could be associated with phage permissivity, | first
spotted coliphages P1vir, Greed,4 and Lust onto lawns of 67 urinary E. coli isolates and 3 laboratory
strains (K-12, B, and C). Isolates that had a clear spot when exposed to phage were given a positive
result (Table 9). The laboratory strains were permissive for all 3 phages. Most of the urinary isolates
were not permissive. The isolates permissive for P1vir differed substantially from the isolates permissive
for Greed and Lust, whose susceptibility profiles were quite similar. Since mazEF was associated with
phage permissive E. coli but other TA homologues may not be, | disqualified TAs conserved in phage

permissive E. coli. | queried the genomes of E. coli isolates susceptible to all three phages for TA
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modules. The only TA module that was not conserved (i.e., had a homology score under 90%) in all four

permissive isolates (E. coli K-12, B, C, and UMB2019) was pemlIK (Table 10).
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Figure 1. Alignment Score of Anti-phage Genes to Urinary E. coli Genomes.

Homology score measures how conserved a query gene is in the given genome (100% is perfectly conserved, 0% is
absent, intermediate values denote a mutant or gene homologue compared to the referenced queried). (a) Phage
abortive genes abort the phage life cycle. (b) Phage adsorption blocking genes antagonize binding of phage to the
cell surface. (c) Classical cell surface proteins used for phage for adsorption and host entry.
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Figure 2. E. coli K-12 Lawn Spotted with a Variety of Phages.

Phages P1vir, Greed, and Lust have a clear spot phenotype, correlated with lytic infection. Lambda
phage has a turbid spot phenotype, correlated with lysogenic infection. LB spotting (negative control)
does not result in a spot, indicative of no visual evidence of infection.
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Table 9. Urinary E. coli Clear Phage Spot Phenotype.

Strain Strain type P1 lysis Greed lysis | Lust lysis
K-12 Laboratory + + +
B Laboratory + + +
C Laboratory + + +
UMB0103 UTIl asymptomatic

UMB0149 UTIl asymptomatic

UMBO0276 UTI asymptomatic

UMBO0527 UTI asymptomatic

UMB0731 UTIl asymptomatic + +
UMBO0906 UTI symptomatic

UMB0923 UTI symptomatic

UMBO0928 UTI asymptomatic

UMB0931 UTI symptomatic +

UMB0933 UTI asymptomatic

UMBO0934 UTI symptomatic

UMB0939 UTI asymptomatic

UMB0949 UTI symptomatic

UMB1012 UTI symptomatic

UMB1091 UTI symptomatic

UMB1093 UTI symptomatic

UMB1160 UTI symptomatic +

UMB1162 UTI symptomatic

UMB1180 UTI symptomatic

UMB1193 UTI symptomatic

UMB1195 UTI symptomatic

UMB1202 UTI symptomatic

UMB1220 UTI symptomatic

UMB1221 UTI symptomatic

UMB1223 UTI symptomatic

UMB1225 UTI symptomatic

UMB1228 UTI symptomatic

UMB1229 UTI symptomatic

UMB1284 UTI symptomatic

UMB1285 UTI symptomatic

UMB1335 UTI symptomatic

UMB1337 UTI symptomatic

UMB1346 UTI symptomatic

UMB1347 UTI symptomatic

UMB1348 UTI symptomatic

UMB1354 UTI symptomatic
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Table 9. Urinary E. coli Clear Phage Spot Phenotype (continued).
UMB1356 UTI symptomatic
UMB1358 UTI symptomatic +
UMB1359 UTI symptomatic
UMB1360 UTI symptomatic
UMB1362 UTI symptomatic
UMB1526 UTI symptomatic
UMB1727 UTI asymptomatic
UMB2019 UTI asymptomatic + + +
UMB2055 UTI asymptomatic
UMB2321 UTI asymptomatic
UMB2328 UTI asymptomatic
UMB3538 UTI asymptomatic
UMB3641 UTI asymptomatic
UMB3643 UTI asymptomatic + +
UMB4656 UTI symptomatic +
UMB4714 N/A

UMBA4716 UTIl asymptomatic
UMB4746 UTIl asymptomatic +
UMB5337 UTIl asymptomatic
UMB5814 UTI symptomatic
UMB5924 UTIl asymptomatic +
UMB5978 UTIl asymptomatic
UMB6360 UTIl asymptomatic
UuMB6454 UTI symptomatic
UuMB6611 UTIl asymptomatic +
UMB6653 UTI symptomatic
UMB6655 UTIl asymptomatic + +
UMB6713 UTIl asymptomatic
UMB6721 UTI symptomatic
UMB6890 UTIl asymptomatic +
UMB7431 UTI symptomatic

Note: UTI symptomatic and asymptomatic denote the urinary condition of the participant from which
the isolate was isolated. A clear phage spot phenotype is indicative of lysis.




Table 10. Toxin-Antitoxin Genes in Phage Permissive E. coli.

Mechanism for host

Protein | Operon antagonism B C K-12 | UMB2019
Ribosome-independent

MazF mazEmazF | RNA inteferases 100 100 100 99.5
Ribosome-independent

ChpBK | chpBchpBK | RNA inteferases 45.3 45.3 100 45.3
Ribosome-independent

HicA hicAhicB RNA inteferases 99.1 99.1 99.1 41.4
Ribosome-independent

YhaV priFyhaV RNA inteferases 97.7 98.7 100 16.9
Ribosome-independent

MqsR mqsRmqsA | RNA inteferases 100 99.5 100 27
Ribosome-independent

RnlA rnlArnlIB RNA inteferases 18.9 18.9 100 18.9
Ribosome-dependent

RelE relBrelE RNA interfereses 27.9 100 100 31.6
Ribosome-dependent

YoeB yefMyoeB RNA interfereses 315 315 99.4 98.8
Ribosome-dependent

YafO yafNyafO RNA interfereses 99.2 67 100 98.9
Ribosome-dependent

YafQ dinJyafQ RNA interfereses 98.9 99.5 100 31
Ribosome-dependent

HigB higBhigA RNA interfereses 100 99.5 100 22.1
Inhibitor of ribosome

RatA ratAyfjF subunit association 100 100 100 99.4

CbtA yeeUcbtA Inhibitors of cell division 90.3 83 100 100

Ykfl yafQykfl Inhibitors of cell division 76.9 79 95.1 80.4

YfjF vifZypjF Inhibitors of cell division 72.9 77.7 82.5 78.2
Inhibitor of phospholipid

GnsA gnsAymcE synthesis 99.1 98.2 99.1 99.1

HipA hipBhipA Unknown 99.5 99.5 99.5 98.4

YjhX yjhXyjhQ Unknown 100 22.4 100 28.2

YdaS ydaSydaT Unknown 32.7 28.1 100 29.6

PemK pemlpemK | Endoribonuclease 33.1 33.1 a4 33.1
Ribosome-independent

MazE mazEmazF | RNA inteferases 100 100 100 100
Ribosome-independent

ChpBI chpBchpBK | RNA inteferases 48.2 48.2 100 48.2
Ribosome-independent

HicB hicAhicB RNA inteferases 100 100 100 76.1
Ribosome-independent

PrIF priFyhaV RNA inteferases 98.6 99.1 100 29.3
Ribosome-independent

MqgsA mqgsRmqgsA | RNA inteferases 100 100 100 32.1
Ribosome-independent

RnIB rnlArniB RNA inteferases 27.6 27.6 99.6 20.7
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Table 10. Toxin-Antitoxin Genes in Phage Permissive E. coli (continued).

Ribosome-dependent

RelB relBrelE RNA interfereses 41.8 100 100 39.9
Ribosome-dependent

YefM yefMyoeB RNA interfereses 39.8 39.8 100 100
Ribosome-dependent

YafN yafNyafO RNA interfereses 99.5 99.5 100 100
Ribosome-dependent

DinJ dinJyafQ RNA interfereses 91.2 91.2 91.9 40.1
Ribosome-dependent

HigA higBhigA RNA interfereses 100 100 100 72.1
Inhibitor of ribosome

YfjF ratAyfjF subunit association 32.2 80 99.1 81

YeeU yeeUcbtA Inhibitors of cell division 25.8 81.9 94.3 96.3

Yafw yafQykfl Inhibitors of cell division 22.4 82.1 100 80.1

YpjZ vifZypjF Inhibitors of cell division 314 80.9 100 80.9
Inhibitor of phospholipid

YmcE gnsAymcE synthesis 100 100 100 100

HipB hipBhipA Unknown 100 100 100 97.2

YihQ yjhXyjhQ Unknown 100 33.1 100 33.1

YdaT ydaSydaT Unknown 16.1 16.1 100 31.8

Peml pemlpemK | Endoribonuclease 37.1 37.1 45.9 41.2

If pemiK is linked to reduced permissivity in urinary E. coli isolates, we would expect this TA
module to be present in less permissive isolates (urinary E. coli) and absent in more permissive isolates
(K-12 B, C, Kand UMB2019). Whereas pem/K was absent in all the phage permissive strains/isolates
(noted by an asterisk), they all possessed its homolog mazEF (Figure 3a). In contrast, pemlK was highly
conserved in 16 urinary isolates with low permissibility to phage. Because pemlIK is a plasmid-associated
gene, we repeated this analysis for traT, the other plasmid-associated gene with high variance in urinary
E. coli. traT was absent in all but one of the permissive strains/isolates but present in 28 of the less
permissive isolates (Figure 3b). pemlK and traT are anti-phage genes with dual function in plasmid
maintenance, often associated with E. coli F plasmids. Therefore, | hypothesized that plasmids could play

a role in reducing phage infection permissivity in urinary E. coli.
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Figure 3. Plasmid-Linked Genes in Phage Permissive vs. Non-Permissive E. coli.

E. coli isolates susceptible to P1vir, Greed, or Lust infection are noted by an asterisk. (a) mazEF is
conserved in all E. coli susceptible to phage, while pemIK is present only in isolates with no visual
evidence of infection. (b) traT is absent in all but one of the isolates susceptible to phage infection and
present in isolates with no visual evidence of phage infection. pemIK and traT are plasmid-linked genes
with dual anti-phage function.
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Types of Plasmids in Urinary E. coli

To catalogue the plasmids of the urinary isolates, PlasmidSPAdes was used to build plasmidic
assemblies (i.e., contigs) from raw whole genome sequence reads, web BLAST was used to identify
contigs with homology to plasmids, and Prokka was used to annotate the curated contigs (Table 11). All
but ten genomes generated a plasmidic assembly with a contig average of 10.9. The total nucleotide size
ranged from 4,990 bp to 372,241 bp with an average of 156,243 bp (Table 11). These data are generally
consistent with the expected E. coli plasmid range of 1,000 bp to 200,000 bp. The predicted CDS (i.e.,
protein coding regions) average was 181.5.

To profile the type of plasmids in each urinary E. coli assembly, | scanned the contigs with
PlasmidFinder to identify E. coli replicon/incompatibility genes, then organize these hits into the major
incompatibility groups of Col, IncF, and Inc-various (Table 12). There were six distinct col genes with a
total of 38 hits in the plasmidic assemblies. There were nine distinct incF genes with a total of 96 hits in
the plasmidic assemblies. Thirteen distinct inc genes grouped into the Inc-various group, with a total of
40 hits in the plasmidic assemblies. In total, there were 27 distinct inc gene hits in 57 urinary E. coli
isolates, which were grouped into the three major groups Col, IncF, and Inc-various (Table 13). For some
analyses, the IncF group was divided into the IncFl and IncFll groups (the former having no incFil hit).

inc genes were found in approximately 85% of plasmidic assemblies (n=57/67) (Figure 4). The
most common types of inc/rep gene were those from IncFll (55.22%) and IncFl (13.43%), which are
associated with F plasmids. These data indicate that plasmids are common in urinary E. coli isolates and
that F plasmids predominate. Since the F plasmid-borne genes pemIK and traT were common in isolates
with no visual evidence of phage infection, | analyzed the spot phenotype for association with plasmid
type (Table 9). Urinary isolates with the incFll gene were statistically more likely to be non-permissive

for the urinary coliphages Greed or Lust (Figure 5).



Table 11. Assembly and Annotation Overview of Urinary E. coli Plasmidic Assemblies

Strain Contigs | Bases ORF
UMB0103 12 231531 251
UMBO0149 12 107939 115
UMBO0276 0

UMB0527 20 209793 227
UMBO0731 3 120907 149
UMB0906 16 164812 185
UMB0923 3 125070 142
UMB0928 17 183351 202
UMB0931 19 372241 463
UMB0933 13 222613 256
UMB0934 16 166402 202
UMB0939 3 21775 25
UMB0949 12 137266 156
UMB1012 15 156824 184
UMB1091 39 253344 300
UMB1093 23 220386 237
UMB1160 10 140088 172
UMB1162 11 291702 322
UMB1180 1 4990 5
UMB1193 10 151593 186
UMB1195 1 94010 107
UMB1202 2 137792 147
UMB1220 0

UMB1221 3 139286 151
UMB1223 12 139637 156
UMB1225 0

UMB1228 3 42562 54
UMB1229 10 152983 189
UMB1284 2 111211 129
UMB1285 4 154985 159
UMB1335 34 200689 233
UMB1337 32 198104 233
UMB1346 2 60482 73
UMB1347 2 60482 73
UMB1348 8 162084 195
UMB1354 0

UMB1356 0
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Table 11. Assembly and Annotation Overview of Urinary E. coli Plasmidic Assemblies (continued).

UMB1358 0

UMB1359 0

UMB1360 6 124614 195
UMB1362 12 87221 95
UMB1526 0

UMB1727 13 239487 296
UMB2019 13 299962 353
UMB2055 3 127588 150
UMB2321 4 100530 115
UMB2328 2 96141 108
UMB3538 15 169304 185
UMB3641 12 93840 98
UMB3643 1 92125 102
UMB4656 28 151223 172
UMBA4714 9 239877 287
UMBA4716 9 239813 287
UMBA4746 0

UMB5337 1 60192 72
UMB5814 0

UMB5924 15 112240 123
UMB5978 11 101237 120
UMB6360 9 70556 86
UMB6454 4 112999 131
UMB6611 5 123060 135
UMB6653 34 261301 302
UMB6655 5 182135 222
UMB6713 13 211037 232
UMB6721 17 250312 293
UMB6890 4 181439 223
UMB7431 9 240707 284
Plasmidic

contig

mean 10.9474 | 156243 | 181.474
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To assess plasmid sequence identity in the urinary E. coli plasmidic assemblies beyond inc gene

profile, the curated plasmid assemblies were scanned via web BLAST. All urinary E. coli plasmidic
assemblies had a top BLAST hit to a plasmid in the NCBI database (Table 14). The average size of the

plasmid hits in the NCBI database was 105,322 bp. The cover query range was 71-100% and the
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sequence identity range was approximately 96-100%. Generally, urinary E. coli plasmids had top hits to

E. coli plasmids in the database, but some isolates had hits to plasmids from Enterobacter, Klebsiella,

and Salmonella species.

Table 12. Inc Genes Identified in Urinary E. coli Plasmidic Assemblies.

Plasmid type

Inc gene

Hits in urinary E. coli (n=67)

Col

Col(BS512)

Col156

Col(MG828)

ColRNAI

ColpVvC

Col440I

Total

38

IncF

IncFIA

IncFIB(AP001918)

IncFIl(pRSB107)

IncFll

IncFIB(pB171)

IncFlI(pCoo)

IncFIC(FIl)

IncFIl{29)

IncFIB(H89-PhagePlasmid)

Total

96

Inc-various

p0111

IncY

Incl1-(Gamma)

IncB/O/K/Z

IncQl

IncP1

IncX4

IncX1

IncN

IncN3

IncB/O/K/Z

Incl2(Delta)

N IRLPINIWINIPIRPINININ AU

Total

12

40




Table 13. Inc Genes in Urinary E. coli Plasmidic Assemblies.

Strain

UMB0103

UMB0149

UMB0276

UMBO0527

UMBO0731

UMB0906

UMB0923

UMB0928

UMB0931

UMBO0933

5

1

0

2

2

4

1

6

5

3

Col(BS512)

IncFIA

IncFIB(AP001918)

IncFll(pRSB107)

p0111

IncY

IncFll

Incl1-I(Gamma)

Col156

IncB/O/K/Z

IncQl

IncP1

IncX4

Col(MG828)

ColRNAI

IncFIB(pB171)

IncFll(pCoo)

ColpVC

IncFIC(FI)

IncFl1(29)

Col440l

IncX1

IncX4

IncN

IncN3

IncB/O/K/Z

IncFIB(H89-PhagePlasmid)

Incl2(Delta)

SS




Table 13. Inc Genes in Urinary E. coli Plasmidic Assemblies (continued).

UMBO0934

UMBO0939

UMBO0949

UMB1012

UMB1091

UMB1093

UMB1160

UMB1162

UMB1180

UMB1193

3

2

4

5

6

3

3

3

1

3

Col(BS512)

IncFIA

IncFIB(AP001918)

IncFll(pRSB107)

p0111

IncY

IncFll

Incl1-I(Gamma)

Col156

IncB/O/K/Z

IncQl

IncP1

IncX4

Col(MG828)

ColRNAI

IncFIB(pB171)

IncFll(pCoo)

ColpVC

IncFIC(FI)

IncFl1(29)

Col440l

IncX1

IncX4

IncN

IncN3

IncB/O/K/Z

IncFIB(H89-PhagePlasmid)

Incl2(Delta)

9%




Table 13. Inc Genes in Urinary E. coli Plasmidic Assemblies (continued).

UMB1195

UMB1202

UMB1220

UMB1221

UMB1223

UMB1225

UMB1228

UMB1229

UMB1284

UMB1285

3

2

0

4

3

0

1

3

3

2

Col(BS512)

IncFIA

IncFIB(AP001918)

IncFll(pRSB107)

p0111

IncY

IncFll

Incl1-I(Gamma)

Col156

IncB/O/K/Z

IncQl

IncP1

IncX4

Col(MG828)

ColRNAI

IncFIB(pB171)

IncFll(pCoo)

ColpVC

IncFIC(FI)

IncFl1(29)

Col440l

IncX1

IncX4

IncN

IncN3

IncB/O/K/Z

IncFIB(H89-PhagePlasmid)

Incl2(Delta)

LS




Table 13. Inc Genes in Urinary E. coli Plasmidic Assemblies (continued).

UMB1335

UMB1337

UMB1346

UMB1347

UMB1348

UMB1354

UMB1356

UMB1358

UMB1359

UMB1360

4

4

1

1

4

0

0

0

0

3

Col(BS512)

IncFIA

IncFIB(AP001918)

IncFll(pRSB107)

p0111

IncY

IncFll

Incl1-I(Gamma)

Col156

IncB/O/K/Z

IncQl

IncP1

IncX4

Col(MG828)

ColRNAI

IncFIB(pB171)

IncFll(pCoo)

ColpVC

IncFIC(FI)

IncFl1(29)

Col440l

IncX1

IncX4

IncN

IncN3

IncB/O/K/Z

IncFIB(H89-PhagePlasmid)

Incl2(Delta)

85




Table 13. Inc Genes in Urinary E. coli Plasmidic Assemblies (continued).

UMB1362

UMB1526

UMB1727

UMB2019

UMB2055

UMB2321

UMB2328

UMB3538

UMB3641

UMB3643

2

0

4

4

2

1

1

5

3

1

Col(BS512)

IncFIA

IncFIB(AP001918)

IncFll(pRSB107)

p0111

IncY

IncFll

Incl1-I(Gamma)

Col156

IncB/O/K/Z

IncQl

IncP1

IncX4

Col(MG828)

ColRNAI

IncFIB(pB171)

IncFll(pCoo)

ColpVC

IncFIC(FI)

IncFl1(29)

Col440l

IncX1

IncX4

IncN

IncN3

IncB/O/K/Z

IncFIB(H89-PhagePlasmid)

Incl2(Delta)

6S




Table 13. Inc Genes in Urinary E. coli Plasmidic Assemblies (continued).

UMB4656

UMB4714

UMB4716

UMB4746

UMB5337

UMB5814

UMB5924

UMB5978

UMB6360

UMB6454

4

4

4

0

1

0

2

4

2

3

Col(BS512)

IncFIA

IncFIB(AP001918)

IncFll(pRSB107)

p0111

IncY

IncFll

Incl1-I(Gamma)

Col156

IncB/O/K/Z

IncQl

IncP1

IncX4

Col(MG828)

ColRNAI

IncFIB(pB171)

IncFll(pCoo)

ColpVC

IncFIC(FI)

IncFl1(29)

Col440l

IncX1

IncX4

IncN

IncN3

IncB/O/K/Z

IncFIB(H89-PhagePlasmid)

Incl2(Delta)

09




Table 13. Inc Genes in Urinary E. coli Plasmidic Assemblies (continued).

UMB6471

UMB6611

UMB6653

UMB6655

UMB6713

UMB6721

UMB6890

UMB7431

3

3

5

3

4

5

3

3

Col(BS512)

IncFIA

IncFIB(AP001918)

IncFll(pRSB107)

p0111

IncY

IncFll

Incl1-I(Gamma)

Col156

IncB/O/K/Z

IncQl

IncP1

IncX4

Col(MG828)

ColRNAI

IncFIB(pB171)

IncFll(pCoo)

ColpVC

IncFIC(FI)

IncFl1(29)

Col440l

IncX1

IncX4

IncN

IncN3

IncB/O/K/Z

IncFIB(H89-PhagePlasmid)

Incl2(Delta)

19
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Figure 4. Plasmid Inc Group in Urinary E. coli Plasmidome.

Proportion of urinary E. coli isolates with inc gene hits of a particular group in their plasmidic assembly.
The chi-square statistic is 66.903. The p-value is < 0.00001. The result is significant at p < .05. This
difference in IncF representation would be greater if IncFll and IncFl were combined into a single F
plasmid group.
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Figure 5. Inc Groups Association with Phage Spot Phenotype.

Urinary E. coli with incFll genes characteristic of F plasmids are less likely to have evidence of infection
when spotted with phage. All laboratory strain of laboratory E. coli tested had a spot when exposed to
the phages. Bladder E. coli isolates with IncFll were statistically more likely to not have spots when
exposed to Greed (The Fisher exact test statistic value is 0.0465. The result is significant at p < .05) and
Lust (The Fisher exact test statistic value is 0.0123. The result is significant at p < .05) but not P1vir (The
Fisher exact test statistic value is 0.1699. The result is not significant at p <.05) compared to other Inc
groups (IncF, Col, Inc-various).



Table 14. Web BLAST Hit for Urinary E. coli Plasmidic Assemblies.

Inc

Strain group Plasmid Organism Bases Qcov Eval | Pident Accession
UMBO0103 | IncFll pSCU-120-2 Escherichia coli 98630 53.00% 0 99.94% | CP054337.1
UMBO0149 | IncFll pZR78 Escherichia coli 91281 55.00% 0 98.72% | MFA455226.1
UMBO0527 | IncFll pMSB1_1D-sc-2280324 Escherichia coli 96021 56.00% 0 99.87% | LR898869.1
UMB0731 | Col pECOED Escherichia coli 119594 91.00% 0 98.71% | CU928147.1
UMBO0906 | IncFll pMRY09-581ECO_1 Escherichia coli 159781 81.00% 0 99.97% | AP018456.1
UMB0923 | Inc pSCU-120-2 Escherichia coli 98630 71.00% 0 97.75% | CP054337.1
UMB0928 | IncFl pSH146_87 Salmonella enterica 86586 49.00% 0 99.74% | JX445149.1
UMBO0931 | IncFll p168-7 Escherichia coli 93108 99.00% 0 99.99% | CP041570.1
UMBO0933 | IncFll pHUSEC411 Escherichia coli 98864 88.00% 0 99.98% | HG428756.1
UMBO0934 | IncFll pNMBU-W13E19 01 Escherichia coli 122112 99.00% 0 99.99% | CP043407.1
UMBO0939 | Col pCRE-085-3 Klebsiella pneumoniae 9294 45.00% 0| 100.00% | CP061402.1
UMB0949 | IncFll pTHO-003-1 Escherichia coli 123467 | 100.00% 0 99.99% | AP022526.1
UMB1012 | IncFll pRHBSTW-00372_3 Escherichia coli 78143 57.00% 0 99.77% | CP056571.1
UMB1091 | IncFll p90-9133_1 Escherichia coli 113164 67.00% 0 99.82% | CP042948.1
UMB1093 | IncFl pEC11 Escherichia coli 31467 91.00% 0 98.89% | CP027258.1
UMB1160 | IncFll pECO-bc6 Escherichia coli 101201 | 100.00% 0 | 100.00% | CP014668.1
UMB1162 | IncFll p50579417_1 Escherichia coli 96948 86.00% 0 97.22% | CP033882.1
UMB1180 | Col pEcl5-3 Enterobacter hormaechei 4863 | 100.00% 0 99.98% | CP047739.1
UMB1193 | IncFll pXJ-K1 Klebsiella pneumoniae 130628 36.00% 0 99.99% | CP032165.1
UMB1195 | IncFll p86 Escherichia coli 86147 81.00% 0 99.18% | CP023387.1
UMB1202 | IncFll pRHBSTW-00152_2 Escherichia coli 133729 85.00% 0 99.94% | CP056811.1
UMB1221 | IncFll pMSB1_8B-sc-2280300 Escherichia coli 97184 93.00% 0 98.37% | LR890538.1
UMB1223 | IncFll pNMBU-W13E19 01 Escherichia coli 122112 | 100.00% 0 99.97% | CP043407.1
UMB1228 | Inc pN18EC0432-4 Escherichia coli 47739 75.00% 0 98.05% | CP048291.1
UMB1229 | IncFll pDA61218-116 Escherichia coli 116466 | 100.00% 0 | 100.00% | CP061207.1
UMB1284 | IncFll pl79-1 Escherichia coli 122483 58.00% 0 | 100.00% | CP041560.1
UMB1285 | IncFll pSCU-115-1 Escherichia coli 148443 | 100.00% 0 99.97% | CP054369.1
UMB1335 | IncFll pUTI89 Escherichia coli UTI89 114230 | 100.00% 0 99.99% | CP000244.1
UMB1337 | IncFll pECO-bc6 Escherichia coli 101201 49.00% 0 99.99% | CP014668.1
UMB1346 | IncFll p13KWH46-1 Escherichia coli 162357 71.00% 0 97.06% | CP019251.1
UMB1347 | IncFll p13KWH46-1 Escherichia coli 162357 73% 0 97.06% | CP019251.1
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Table 14. Web BLAST Hit for Urinary E. coli Plasmidic Assemblies (continued).

Inc

Strain group Plasmid Organism Bases Qcov | Eval Pident | Accession

UMB1348 | IncFll pUTI89 Escherichia coli UTI89 114230 | 100.00% 0 99.99% | CP000244.1
UMB1360 | IncFll pEcl4-2 Enterobacter hormaechei 114230 | 100.00% 0| 100.00% | CP047742.1
UMB1362 | IncFl p2013C-4465 Escherichia coli 66029 69% 0 99.45% | CP015242.1
UMB1727 | IncFll pE16KP0290-2 Klebsiella pneumoniae 96685 91% 0 98.93% | CP052260.1
UMB2019 | Col pSRC27- Salmonella enterica 90483 91% 0 99.72% | CP058811.1
UMB2055 | Inc pSRC27- Salmonella enterica 90483 91% 0 99.72% | CP058811.1
UMB2321 | Inc p9134dAT Salmonella enterica 109512 97% 0 99.97% | KF705207.1
UMB2328 | Inc p9134dAT Salmonella enterica 109512 97% 0 99.97% | KF705207.1
UMB3538 | IncFll pECAZ161_3 Escherichia coli 130905 100% 0 99.96% | CP019009.1
UMB3641 | IncFll pMH13-051M_3 DNA Escherichia coli 74653 94% 0 98.55% | AP018574.2
UMB3643 | Inc pSA20094620.3 Salmonella enterica 93719 83% 0 96.49% | CP030188.1
UMB4656 | IncFll pECO-bc6 Escherichia coli 101201 100% 0 99.99% | CP014668.1
UMB4714 | IncFll pSF-166-1 Escherichia coli 114221 100% 0 99.98% | CP012634.1
UMB4716 | IncFll pSF-166-1 Escherichia coli 114221 100% 0 99.98% | CP012634.1
UMB5337 | IncFll p13KWH46-1 Escherichia coli 162357 71% 0 97.06% | CP019251.1
UMB5924 | IncFl pSCU-147-1 Escherichia coli 104744 100% 0 99.92% | CP054326.1
UMB5978 | IncFl p1-09-02E DNA Escherichia coli 102029 100% 0 99.97% | AP022651.1
UMB6360 | IncFl pl4EC007b Escherichia coli 190293 72% 0 99.48% | CP024133.1
UMB6454 | IncFll pSF-166-1 Escherichia coli 114221 100% 0 99.95% | CP012634.1
UMB6611 | IncFl pDA61218-116 Escherichia coli 116466 89% 0 99.82% | CP061207.1
UMB6653 | IncFll pSCU-109-1 Escherichia coli 110400 100% 0 99.97% | CP051734.1
UMB6655 | IncFl pPSUO78_2 Escherichia coli 109613 96% 0 98.59% | CP012114.1
UMB6713 | IncFll pHUSEC41-1 Escherichia coli 91942 96% 0 99.58% | HE603110.1
UMB6721 | IncFll pSCU-109-1 Escherichia coli 110400 100% 0 99.94% | CP051734.1
UMB6890 | IncFl pPSUO78_2 Escherichia coli 109613 96% 0 98.59% | CP012114.1
UMB7431 | IncFll pRCS90_pl Escherichia coli 92968 99% 0 99.59% | LT985300.1

Average plasmid size (bp) 105322
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Genes in Urinary E. coli Plasmids

If plasmids are present in urinary E. coli, it follows that the plasmid gene content should be
profiled to understand its potential contributions to the host. The urinary E. coli plasmidic assemblies
were scanned with the annotation tool Prokka to generate predicted coding regions with an associated
function, if available. The ORFs were sorted via Usearch with a sequence identity threshold of 0.80 and
genes organized based on having an assigned function or being hypothetical. The incF plasmid type had
the largest number of predicted ORFs (2060), with 26.75% annotated with a function (Table 15). For the
col plasmid group, only 18.8% of ORFs were estimated to have an assigned function. For the inc-various
group, only 16.96% of ORFs were estimated to have an assigned function. For all distinct ORFs in the

urinary E. coli plasmidic assemblies, only 24.09% were estimated to have an assigned function.

Table 15. Proportion of ORFs in Annotated Plasmid Type.

% total
annotated
Inc- with known
IncF Col various | Total ORFs function
Function assigned 551 94 67 712 24.09
Hypothetical 1509 406 328 2243 75.91
Total 2060 500 395 2955
% annotated with
known function 26.75 18.8 16.96

Given that the TA pemlIK and transfer protein traT are genes of interest in F plasmids, the
annotated ORFs urinary E. coli F plasmids were reviewed, primarily for plasmid conjugation genes,
plasmid retention systems, and toxin secretion system. | identified 15 plasmid transfer genes in the
urinary E. coli F plasmids (Figure 6). The transfer genes traC, traD, tral, traJ, traM, traN, traQ, traR, traV,
and traY were in more than half of F plasmid assemblies, whereas traB, traG, tral, and traS were only
found in a minority of F plasmid assemblies. The gene fim, which blocks the fertility/transfer of invading

plasmids, was in more than 80% of F plasmid assemblies. | identified 16 plasmid retention (TA) genes,
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specifically 9 toxin and 7 antitoxin genes (Figure 7). Complete TA pairs were identified for ccdAB, isoAB,
mazEF, parDE, and pemIK. The most frequent TA modules were ccdAB and pemlIK. Genes for a Type |l
secretion system were identified in two urinary E. coli F plasmids and genes for a Type IV secretion

system were identified in 16 urinary E. coli F plasmids (Table 16).

traN

traM

tra genes

tral

| L] | 1
0 20 40 60 80 100

Percentage of isolates
with tra gene hit

Figure 6. Plasmid Transfer (tra) Genes in Urinary E. coli F Plasmids.

Urinary E. coli F plasmid assemblies have a variety of transfer genes which are associated with
conjugation.



yhcR (toxin)
relE (toxin)
pemK (toxin)
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mazF (toxin)
IsoA (toxin)
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higB (toxin)

ccdB (toxin)

Toxin-antitoxin
gene hit

vapB (antitoxin)
peml (antitoxin)
parD (antitoxin)
mazE (antitoxin)
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Figure 7. Plasmid Retention (Toxin-Antitoxin) Systems in Urinary E. coli F Plasmids.

Urinary E. coli F plasmid assemblies have a variety of TA genes which are associated with plasmid
retention.
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Table 16. Type Il and IV Secretion Systems in Urinary E. coli Plasmids.

Type ll Type Il Type IV Type IV Type IV Type IV Type IV Type IV Type IV Type IV Type IV
Type ll Type ll Type ll secretio Type Il Type Il secretio secretio secretio secretio secretion secretio secretio secretio secretio secretio
secretio secretio secretio n system secretio secretio n system n system n system n system system n system n system n system n system n system Total

Plasmid n system n system n system protein n system n system protein protein protein protein protein protein protein protein protein protein per
Isolate type protein C protein E protein F G protein J protein L M PtIE PtIH virB1 VirB11 virB4 virB5 VirB6 virB8 virB9 isolate
UMBO0906 IncFll + + + + 4
UMB0931 IncFll + + + + + + + 7
UMB1193 IncFll + + + + + + 6
UMB1229 IncFll + + + + + + 6
UMB1284 IncFll + + + + 4
UMB1335 IncFll + + + + + 5
UMB1337 IncFll + + + + + 5
UMB1348 IncFll + + + + 4
UMB1362 IncFl + + + + + + + 7
UMB4714 IncFll + 1
UMB4716 IncFll + 1
UMB6360 IncFl + + + + + + + 7
UMB6653 IncFll + + + + 4
UMB6655 IncFl + + + + 4
UMB6721 IncFll + + + + 4
UMB6890 IncFl + + + + 4
UMB7431 IncFll + + + + 4
UMB3538 IncFll + + + + + 5
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All urinary E. coli plasmidic assemblies were scanned for antibiotic resistance genes via
ResFinder. There were hits for genes predicted to confer resistance to the following antibiotic classes:
aminoglycoside, fluoroquinolone, macrolide, streptomycin, sulfonamide, tetracycline, and trimethoprim
(Table 17). Overall, penicillin resistance was the most common antibiotic resistance (32.84%), followed
by sulfonamide (26.87%), streptomycin (23.88%), trimethoprim (20.90%), tetracycline (20.90%), and
macrolide (16.42%). Predicted resistances to aminoglycoside (8.96%) and fluoroquinolone (1.49%) were
the rarest. Some urinary E. coli plasmids were predicted to have no hits for antibiotic resistance genes;
in contrast, four plasmids were predicted to have seven hits. All four of these plasmids were of the F
plasmid group. Antibiotic resistance gene hits were analyzed in the context of plasmid groups IncF, Col,
and Inc-various. Hits for all seven antibiotic resistances were present in IncF plasmids, only hits for
penicillin resistance were in Col plasmids, and no hits were in Inc-various plasmids (Figure 8a). On
average, incF plasmids had 2.15 hits, while col plasmids had an average of 0.25 hits and Inc-various had
zero (Figure 8b). The average number of hits in these plasmid groups was not statistically significant
given the large variance in the number of hits from IncF plasmids. Antibiotic resistance hits were

analyzed in terms of multiple distinct antibiotic resistance hits in each plasmid group (Figure 8c).



Table 17. Types of Antibiotic Resistance Genes in Plasmid Assemblies.

Plasmid
Strain type Am Fl Ma Pe St Su Tc Tr

% per Total per

antibiotic 8.96 | 1.49 | 16.42 | 32.84 | 23.88 | 26.87 | 20.90 | 20.90 plasmid
UMB0103 IncFll + + + 3
UMB0149 IncFll 0
UMBO0276 None 0
UMBO0527 IncFll 0
UMB0731 | Col 0
UMBO0906 IncFll + + + + + + + 7
UMB0923 Inc 0
UMB0928 IncFl + + + + + 5
UMB0931 IncFll + + + + + 5
UMBO0933 IncFll + + + + 4
UMB0934 IncFll + + + + + + 6
UMBO0939 Col + 1
UMB0949 IncFll + + + + + + + 7
UMB1012 IncFll + 1
UMB1091 IncFll + + + + + 5
UMB1093 IncFl + 1
UMB1160 IncFll + + + + 4
UMB1162 IncFll 0
UMB1180 Col 0
UMB1193 IncFll + + + + 4
UMB1195 IncFll 0
UMB1202 IncFll 0
UMB1220 None 0
UMB1221 IncFll 0
UMB1223 IncFll + + + + + + 6
UMB1225 None 0
UMB1228 Inc 0
UMB1229 IncFll + + + + 4
UMB1284 IncFll + 1
UMB1285 IncFll 0
UMB1335 IncFll + 1
UMB1337 IncFll + 1
UMB1346 IncFll 0
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Table 18. Types of Antibiotic Resistance Genes in Plasmid Assemblies (continued).

Plasmid Total per
Strain type Am Fl Ma Pe St Su Tc Tr plasmid
UMB1347 IncFll 0
UMB1348 IncFll + +

UMB1354 None
UMB1356 None
UMB1358 None
UMB1359 None
UMB1360 IncFll +
UMB1362 IncFl
UMB1526 None
UMB1727 IncFll +
UMB2019 Col
UMB2055 Inc
UMB2321 Inc
UMB2328 Inc
UMB3538 IncFll + + + + + + +
UMB3641 IncFll
UMB3643 Inc

UMB4656 IncFll +
UMB4714 IncFll
UMB4716 IncFll
UMB4746 None
UMB5337 IncFll
UMB5814 None
UMB5924 IncFl + + + + + + +
UMB5978 IncFl + + + + + +
UMB6360 IncFl
UMB6454 IncFll
UMB6611 IncFl

UMB6653 IncFll + + + +
UMB6655 IncFl

UMB6713 IncFll + + +

UMB6721 IncFll + + + +

UMB6890 IncFl

UMB7431 IncFll
Note: Am=Aminoglycoside, FI=Fluoroquinolone, Ma=Macrolide, Pe=Penicillin, St=Streptomycin,
Su=Sulfonamide, Tc=Tetracycline, Tr=Trimethoprim
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Figure 8. Predicted Antibiotic Resistance Genes in Urinary E. coli Plasmids.

(a) Types of antibiotic resistances predicted in plasmids types in urinary E. coli. (b) Average number of
antibiotic resistance genes in plasmid groups. (c) Percentage of antibiotic resistance hits in isolates from
plasmid groups, predictive of multiple antibiotic resistances.

Urinary E. coli plasmid assemblies were scanned for virulence genes via VirulenceFinder. There
were 30 distinct virulence genes predicted in the plasmid assemblies (Figure 9). Taking into account all
the plasmid assemblies, the most common virulence genes were traT and senB, present in 66.67% and
45.61% of plasmid assemblies, respectively. This also was true for F plasmid assemblies (n=47): traT
(78.72%) and senB (53.19%). One Col plasmid had a hit for traT and senB, but all the Col plasmids (n=4)
had hits to colicin-related virulence genes (ccl, celb, cib, cia). The Inc-various plasmids (n=6) had hits to
the colicin-related virulence genes cia and cib. On average, IncF plasmids had 2.4 hits compared to Col

plasmids with an average of 1.25 hits and Inc-various with 0.5 hits (Figure 10a). The difference was not

statistically significant likely due to the high variance in hits in the IncF plasmid group. In terms of
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multiple virulence gene hits, col had a range of zero to three hits, whereas IncF plasmids had a range of

zero to four hits (Figure 10b).

toxB={..
SepA=l.
etpD= e
bfpA=e
MCHA =,

vat= Inc-various

papC=
tsh=
SitA=
oOMP T e,
mchF=4.
UtA =L
iucC=_

IS —
IrON=Y .
hlyF=nn,
etsC= .

cvaC=
astA=1.
aap =t

Cc/- ..................................

afaD=dn
SenB- ..................................
CE/b".‘.‘.'.‘.‘. .............................
cib=1.

Virulence gene

O q =fszscsennsasansnanacotanansnnnsnnt

[ N R R
SitA=1.

utA=4
iucC=

MrrrTTTTTTTTTTTTTTTTT T T T T T T T T T T T T T T T T T T T T TTTTTT T
0 20 40 60 80 100

Percentage of isolates
with virulence gene hits

Figure 9. Virulence Genes in Urinary Plasmidic Assemblies.

Percentage of isolates from plasmid group predicted to have a given virulence gene. F plasmids had the
largest variety and proportion of virulence gene hits. The most common virulence genes were traT
(blocks invading plasmids) and senB (F plasmid-linked enterotoxin). Virulence genes predicted in col
plasmids are col genes (ccl, celb, cib, cia).
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Figure 10. Virulence Genes in Urinary E. coli Plasmids.

(a) Average number of virulence genes in plasmids from each plasmid groups. The difference between
plasmid groups is not significant due to the high variance in IncF plasmids (b) Percentage of multiple
virulence gene hits in isolates from plasmid groups. IncF plasmids have a higher proportion of plasmids
with multiple virulence gene hits.

To assess miscellaneous genes of interest outside of those scanned above, the ORFs analyzed by

Prokka and Usearch were processed into a list of distinct ORFs in each plasmid group. F plasmids have
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the longest list of distinct ORFs with an assigned function, including resistance, fitness, and virulence
factors distinct from those identified by ResFinder and VirulenceFinder (Table 18). These genes include
plasmid replication machinery, metal transport and resistance genes, leukotoxin genes, multi-drug
transporters, phage genes, and virulence regulators. Col plasmids have the second highest count of
distinct ORFs, including plasmid replication and persistence genes, metal transport mechanism, and
virulence genes consisting of not just those associated with colicin but also regulators of virulence genes
(Table 19). Despite having the largest count of distinct inc genes, the inc-various plasmid group had the
lowest count of distinct ORFs (Table 20). There is evidence of plasmid replication and retention
machinery, virulence genes such as those that encode colicin, the adhesin yadA, and the virulence

regulator virB.



Table 19. ORFs Annotated with a Function in All Urinary E. coli F Plasmids.
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2-keto-3-deoxygluconate
permease

Antitoxin Peml

34 kDa membrane
antigen

Antitoxin VapB

Carboxy-S-adenosyl-L-
methionine synthase

3'5'-cyclic adenosine
monophosphate
phosphodiesterase CpdA

Arginine deiminase

Cardiolipin synthase

Diacetylchitobiose
uptake system permease
protein NgcG

galactopyranose 3-N-
acetyltransferase

Arginine repressor

Chaperone protein
caflM

Dihydrofolate reductase
type 1

Elloramycin
glycosyltransferase
EImGT

3'-5' exonuclease DinG

Arsenate reductase

Chaperone protein
caflM

Dihydropteroate
synthase

Endonuclease YhcR

3-oxo-glucose-6-
phosphate:glutamate
aminotransferase

Arsenate reductase

Chaperone protein Dnal

Dihydropteroate
synthase

Endonuclease YhcR

Arsenical pump-driving
ATPase

Chaperone protein PapD

DNA adenine methylase

Endonuclease YhcR

6-hydroxy-3-
succinoylpyridine 3-
monooxygenase HspA

Arsenical pump
membrane protein

Chaperone protein PapD

Adaptive-response
sensory-kinase SasA

Arsenical resistance
operon trans-acting
repressor ArsD

Chaperone protein SicA

DNA adenine
methyltransferase YhdJ

Endonuclease YhcR

Chromosome partition
protein Smc

DNA-binding protein H-
NS

Endoribonuclease HigB

Endoribonuclease PemK

Adhesin YadA

Aerobactin synthase

Arsenical-resistance
protein Acr3

Chromosome partition
protein Smc

DNA-binding protein
StpA

Endoribonuclease toxin
MazF

Aldehyde reductase Ahr

ATM1-type heavy metal
exporter

Colicin-A immunity
protein

DNA-binding protein
StpA

Endoribonuclease VapD

Allophanate hydrolase

Alpha-D-ribose 1-
methylphosphonate 5-
phosphate C-P lyase

ATP-dependent Clp
protease ATP-binding

Colicin-E2

DNA-cytosine
methyltransferase

Enolase

Colicin-E2 immunity

DNA-invertase hin

Enterochelin esterase

Alpha-D-ribose 1-
methylphosphonate 5-
triphosphate synthase
subunit Phnl

DNA-invertase hin

F1 capsule-anchoring
protein

DNA-invertase hin

F1 capsule-anchoring
protein

DNA-invertase hin

Amino-acid permease
RocC

DNA-invertase hin

Fe(3+) dicitrate transport
ATP-binding protein FecE

subunit ClpX protein
ATP-dependent Clp Colicin-E7
protease ATP-binding —
subunit ClpX Colicin-la
ATP-dependent RecD- Colicin-la
like DNA helicase

ATP-dependent RecD- Colicin-v
like DNA helicase Colicin-V

Aminoglycoside 3'-
phosphotransferase

ATP-dependent RNA
helicase DbpA

DNA polymerase I
subunit alpha

Ferredoxin--NADP
reductase

Antirestriction protein
KIcA

Autotransporter adhesin
BpaC

Colicin V secretion
protein CvaA

DNA polymerase I
subunit epsilon

Ferric aerobactin
receptor

Antirestriction protein
KIcA

Bacteriocin microcin B17

Conjugal transfer protein
TraG

DNA polymerase I
subunit theta

Ferric enterobactin
receptor

Beta-lactamase CTX-M-1

Conjugal transfer protein
TraG

DNA relaxase MbeA

Fertility inhibition
protein

Antirestriction protein
KIcA

Beta-lactamase SHV-1

Coupling protein TraD

DNA relaxase MbeA

Fimbrial adapter PapF

Antitoxin CcdA

Beta-lactamase TEM

Coupling protein TraD

DNA topoisomerase 3

Fimbrial adapter PapK

Antitoxin HicB

Carbamate kinase 1

Coupling protein TraD

DNA topoisomerase 3

Fimbrial protein PapE

Antitoxin LsoB

Carbamate kinase 1

Coupling protein TraD

DNA topoisomerase 3

Flap endonuclease Xni

Antitoxin MazE

Carbamate kinase 2

Cytosine permease

Double-strand break
reduction protein

Fumarate reductase
flavoprotein subunit

Antitoxin ParD

Carboxylesterase B

Deoxyuridine 5'-
triphosphate
nucleotidohydrolase

dTDP-3-amino-3,6-
dideoxy-alpha-D-
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Table 19. ORFs Annotated with a Function in All Urinary E. coli F Plasmids (continued).

Glucose-1-phosphatase

Glucose-6-phosphate 3-
dehydrogenase

Inner membrane protein
YihN

1S3 family transposase
1S103

1S481 family transposase
ISKpn28

ISL3 family transposase
ISKox3

Glutaredoxin 1

Inner membrane protein
Yqil

1S3 family transposase
151133

1S4 family transposase
1S4

ISNCY family transposase
ISBcen27

Glycerol-3-phosphate
regulon repressor

Inner membrane protein
YqiK

1S3 family transposase
151133

1S4 family transposase
1S421

ISNCY family transposase
ISBcen27

Glycine betaine
transporter

Inner membrane protein

1S3 family transposase

1S4 family transposase

ISNCY family transposase

Heat shock protein C

Hemin receptor

YqjE 151203 ISVsa5 ISLad2

Iron-sulfur cluster carrier | 1S3 family transposase 1S4 family transposase ISNCY family transposase
protein 1S150 ISVsa5 ISRor2

Iron-sulfur cluster carrier | 1S3 family transposase IS5 family transposase Kanosamine-6-

protein 1S2 1S5 phosphate phosphatase

Hemin transport system
permease protein HmuU

1S110 family transposase
151663

1S3 family transposase
1S3

IS5 family transposase
1S903

Lactose permease

Hemoglobin-binding
protease hbp
autotransporter

1S110 family transposase
1S5075

1S3 family transposase
1S3

1S630 family transposase
ISEc40

Leukotoxin

Hemoglobin-binding
protease hbp
autotransporter

1S110 family transposase
ISEc21

1S3 family transposase
15629

1S66 family transposase
ISCrol

Leukotoxin-activating
lysine-acyltransferase
LtxC

1S110 family transposase
ISEC76

1S3 family transposase
ISEC16

1S66 family transposase
ISEc22

Leukotoxin export ATP-
binding protein LtxB

Hemolysin expression-
modulating protein Hha

1S110 family transposase
ISShdy1

1S3 family transposase
ISEc17

1S66 family transposase
ISEc23

Leukotoxin export
protein LtxD

Hemolysin expression-
modulating protein Hha

High-affinity zinc uptake
system ATP-binding
protein ZnuC

Lipopolysaccharide core
heptose(ll)-phosphate
phosphatase

Homocysteine S-
methyltransferase

1S1182 family 1S3 family transposase 1S66 family transposase
transposase ISCfrl ISEc31 ISEc49

1S1380 family 1S3 family transposase 1S66 family transposase
transposase ISEcpl ISEc31 ISEc8

1S1595 family 1S3 family transposase 1S66 family transposase

transposase ISSsu9

ISEc48

I1SSgspl

Lipoprotein PrgK

HTH-type transcriptional
regulator AppY

IS1 family transposase
IS1D

1S3 family transposase
ISEc48

1S6 family transposase
1S26

Lipoprotein-releasing
system ATP-binding
protein LolD

HTH-type transcriptional
regulator CatM

1S21 family transposase
1S100kyp

1S3 family transposase
ISEcl1

1S6 family transposase
1S6100

HTH-type transcriptional
regulator PgrR

1S21 family transposase
151326

1S3 family transposase
ISEcl1

1S91 family transposase
ISEc37

Lipoprotein-releasing
system transmembrane
protein LolC

HTH-type transcriptional
regulator YdeO

1S21 family transposase
1S21

1S3 family transposase
ISKpn37

1S91 family transposase
ISEc37

Lipoprotein YIpA

Lipoprotein YIpA

HTH-type transcriptional
repressor ComR

1S21 family transposase
ISEc10

1S3 family transposase
ISKpn8

1S91 family transposase
I1SSbhol

L-lysine N6-
monooxygenase

Ice-binding protein 1

Lysis protein for colicin N

Inhibitor of g-type
lysozyme

1S256 family transposase 1S3 family transposase ISKra4 family
1S1414 ISLad1 transposase ISCepl
1S256 family transposase 1S3 family transposase ISKra4 family

151414

ISSty2

transposase ISEc51

Lysis protein for colicin N

Inner membrane protein
YbbJ

1S256 family transposase
ISEc39

1S481 family transposase
ISAzs36

ISL3 family transposase
ISEc53

Macrolide export protein
MacA

1S30 family transposase
1S30

1S481 family transposase
ISKpn28

ISL3 family transposase
ISKox3




Table 19. ORFs Annotated with a Function in All Urinary E. coli F Plasmids (continued).
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Major pilu subunit
operon regulatory
protein PapB

Modification methylase
Hpall

Outer membrane usher
protein PapC

Plasmid partition protein
A

Protein PsiB

Major structural subunit
of bundle-forming pilus

Modulating protein
YmoA

Outer membrane usher
protein SfmD

Plasmid replication
initiator protein TrfA

Protein QmcA

Manganese transport
system ATP-binding
protein MntB

Modulating protein
YmoA

Oxygen-regulated
invasion protein OrgA

Plasmid segregation
protein ParM

Protein RecA

mMRNA endoribonuclease
LsoA

Pap fimbrial major pilin
protein

Plasmid segregation
protein ParM

Protein SopB

Protein StbB

Manganese transport
system membrane
protein MntB

mMRNA interferase toxin
RelE

Pap fimbrial major pilin
protein

Plasmid segregation
protein ParM

Protein TraB

Manganese transport
system membrane
protein MntB

mMRNA interferase toxin
RelE

Pap fimbrial major pilin
protein

Plasmid segregation
protein ParM

Protein TraC

Mating pair stabilization
protein TraN

Multidrug efflux pump
Tap

PAP fimbrial minor pilin
protein

Plasmid segregation
protein ParM

Protein TraC

Protein Tral

Mating pair stabilization
protein TraN

Multidrug resistance
protein MdtH

PAP fimbrial minor pilin
protein

Plasmid segregation
protein ParM

Protein Tral

Mating pair stabilization
protein TraN

Multidrug transporter
EmrE

Pentapeptide repeat
protein

Prophage tail fiber
assembly protein TfaE

Protein Tral

Membrane-bound lytic
murein transglycosylase
C

Multifunctional
conjugation protein Tral

Peptide deformylase

Multifunctional
conjugation protein Tral

Peptide deformylase

Prophage tail fiber
assembly protein TfaE

Protein Tral

Mercuric reductase

Multifunctional
conjugation protein Tral

Peptide deformylase

Prophage tail fiber
assembly protein TfaE

Protein Tral

Protein Tral

Mercuric resistance
operon regulatory
protein

N(2)-citryl-N(6)-acetyl-
N(6)-hydroxylysine
synthase

Phospho-2-dehydro-3-
deoxyheptonate
aldolase, Trp-sensitive

Protease 7

Protein Tral

Protease 7

Protein Tral

Mercuric transport
protein MerC

N(6)-hydroxylysine O-
acetyltransferase

Phosphoglucosamine
mutase

Protease 7

Protein TraM

Phospholipase D

Protease 7

Protein TraQ

Proteasome-associated

Protein TraR

Protein TraR

Protein TraS

Protein TraS

Protein TraV

Protein TraV

Microcin B17-processing
protein McbD

Protein UmuC

Protein UmuC

Minor fimbrial protein
PrsF

Outer membrane
lipoprotein BfpB

Mobilization protein
MbeC

Outer membrane
lipoprotein BfpB

Plasmid-derived single-
stranded DNA-binding
protein

Mercuric transport NADPH-dependent FMN | pilin ATPase
protein MerT reductase ArsH — Protein AfaD
M et " Na(+)-translocating Pilin
ereuric franspor NADH-quinone ili Protein AfaD
protein periplasmic p bunit C Pilin
component re uctafse su ur‘ut . Protein FdrA
Nucleoid occlusion Pl protein
Metalloprotease StcE R -
protein . Protein FdrA
. " - - Pl protein
Methionine--tRNA ligase Nucleoid occlusion -
R - Protein FImC
Wi nBL17 - protein Pl protein
|cr9cm Jprocessing Nucleoid occlusion - - - Protein FImC
protein McbB protein Plasmid-derived single-
Microcin B17-processing — stranded DNA-binding Protein FImC
R Ornithine .
protein McbC protein -
carbamoyltransferase Protein KlcB

Protein UmuC

Protein PndA

Protein UmuC

Outer membrane porin C

Plasmid partition protein
A

Protein PrgH

Protein UmuC

Plasmid partition protein
A

Protein Prgl

Protein UmuC

Protein PsiB

Protein UmuD
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Table 19. ORFs Annotated with a Function in All Urinary E. coli F Plasmids (continued).

Protein UmuD

Protein UmuD

putative mRNA
interferase toxin HicA

Relaxosome protein TraY

Serine recombinase PinR

Protein UmuD

putative periplasmic
iron-binding protein

Relaxosome protein TraY

Protein UmuD

Protein virB10

Putative phosphonates
utilization ATP-binding
protein PhnK

Relaxosome protein TraY

S-fimbrial protein
subunit SfaA

Tetracycline repressor
protein class B from
transposon Tn10

Relaxosome protein TraY

S-formylglutathione
hydrolase FrmB

Tetracycline repressor
protein class H

Protein VirD4

putative protein

RepFIB replication
protein A

Pullulanase secretion
protein PulS

putative 2-dehydro-3-
deoxy-D-pentonate
aldolase YjhH

Putative protein-
methionine-sulfoxide
reductase subunit YedZ1

RepFIB replication
protein A

S-
(hydroxymethyl)glutathi
one dehydrogenase

Tetracycline resistance
protein, class B

putative ABC transporter
ATP-binding protein

Putative protein-
methionine-sulfoxide
reductase subunit YedZ1

RepFIB replication
protein A

Signal recognition
particle 54 kDa protein

Tetracycline resistance
protein, class B

Replication initiation
protein

Single-stranded DNA-
binding protein

Tetracycline resistance
protein, class C

Thermonuclease

putative protein YdfB

putative ABC transporter
permease protein

putative protein YggR

Replication initiation
protein

Single-stranded DNA-
binding protein

Thiamine import ATP-
binding protein ThiQ

Putative anti-
FIhC(2)FInD(4) factor
YdiVv

putative protein YjiK

Replication initiation
protein

putative protein YncE

Replication initiation
protein

Single-stranded DNA- Thiol-disulfide
binding protein oxidoreductase ResA
Single-stranded DNA- Thiol-disulfide

binding protein

oxidoreductase ResA

putative chromate
transport protein

putative signaling
protein

Replication initiation
protein

Single-stranded DNA-
binding protein

Thymidylate synthase 2

putative fimbrial
chaperone LpfB

putative TonB-
dependent receptor

Replication initiation
protein

sn-glycerol-3-phosphate-
binding periplasmic
protein UgpB

Tn3 family transposase

Putative fluoride ion
transporter CrcB

putative HTH-type
transcriptional regulator
RhmR

Putative transposon
Tn552 DNA-invertase
bin3

Replication protein RepA

Replicative DNA helicase

sn-glycerol-3-phosphate
import ATP-binding
protein UgpC

Tn3 family transposase
ISEc63

Tn3 family transposase
I1SPa38

putative HTH-type
transcriptional regulator
YahB

Putative transposon
Tn552 DNA-invertase
bin3

Ribonuclease H

Quorum-quenching
protein AidA

Ribonucleoside-
diphosphate reductase 1
subunit alpha

sn-glycerol-3-phosphate
transport system
permease protein UgpA

Tn3 family transposase
I1SSbal4

putative HTH-type
transcriptional regulator
YahB

Recombination-
associated protein RdgC

putative HTH-type
transcriptional regulator
YbaQ

Recombination-
associated protein RdgC

Ribonucleoside-
diphosphate reductase 1
subunit beta

SPbeta prophage-
derived aminoglycoside
N(3')-acetyltransferase-
like protein YokD

Tn3 family transposase
ISYps3

Tn3 family transposase
Tn2

RNA chaperone ProQ

Stable plasmid
inheritance protein

Tn3 family transposase
TnAsl

Regulatory protein RepA

RNA chaperone ProQ

Streptomycin 3"-

Tn3 family transposase
TnAsl

putative HTH-type
transcriptional regulator
YbaQ

Regulatory protein rop

Regulatory protein rop

Secreted chorismate
mutase

Toxin and drug export

putative HTH-type
transcriptional regulator
YddM

Relaxosome protein
TraM

Secreted effector protein
EspF(U)

Putative metal
chaperone YciC

Relaxosome protein
TraM

Secretin PulD

Serine protease EspC

adenylyltransferase protein A
Streptomycin 3"- Toxin CcdB
adenylyltransferase

Sugar transporter Toxin HigB-1
SemiSWEET Toxin HigB-1
Sulfoacetaldehyde

reductase Toxin ParE
TelA-like protein Toxin RelE2

Relaxosome protein
TraM

Serine protease SepA
autotransporter

Tetracycline repressor
protein class A from
transposon 1721

Toxin RTX-I translocation
ATP-binding protein
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Table 19. ORFs Annotated with a Function in All Urinary E. coli F Plasmids (continued).

Transcriptional regulator

Transcriptional regulator
HilA

TrfB transcriptional
repressor protein

Type IV secretion system
protein PtIE

Type IV secretion system
protein virB5

Tyrosine recombinase
XerC

Transcriptional
regulatory protein RcsB

tRNA(fMet)-specific
endonuclease VapC

Type IV secretion system
protein PtIH

Type IV secretion system
protein VirB6

Tyrosine recombinase
XerC

Transcriptional
regulatory protein WalR

tRNA(fMet)-specific
endonuclease VapC

Type IV secretion system
protein virB1

Type IV secretion system
protein virB8

Tyrosine recombinase
XerD

tRNA nuclease CdiA

Transcriptional repressor
PifC

Type-2 restriction
enzyme EcoRlI

Type IV secretion system
protein VirB11

Type IV secretion system
protein virB8

UDP-glucose:protein N-
beta-glucosyltransferase

Transcriptional repressor
protein KorB

Type-2 restriction
enzyme EcoRlI

Type IV secretion system
protein VirB11

Type IV secretion system
protein virB8

Transcription
antitermination protein
RfaH

Type 3 secretion system
secretin

Type IV secretion system
protein VirB11

Type IV secretion system
protein virB8

Virulence regulon
transcriptional activator
VirB

Transcription
antitermination protein
RfaH

Type 4 prepilin-like
proteins leader peptide-
processing enzyme

Type IV secretion system
protein VirB11

Type IV secretion system
protein virB9

Virulence regulon
transcriptional activator
VirB

Type IV secretion system
protein VirB11

Type IV secretion system
protein virB9

Transcription
antitermination protein
RfaH

Type Il secretion system
protein C

Type IV secretion system
protein VirB11

Type IV secretion system
protein virB9

Virulence regulon
transcriptional activator
VirB

Type Il secretion system
protein E

Type IV secretion system
protein virB4

Type IV secretion system
protein virB9

Virulence regulon
transcriptional activator
VirB

Transposase for
transposon Tn5

Type Il secretion system
protein F

Type IV secretion system
protein virB4

Tyrosine recombinase
XerC

Transposon gamma-
delta resolvase

Type Il secretion system
protein G

Type IV secretion system
protein virB4

Tyrosine recombinase
XerC

Virulence regulon
transcriptional activator
VirF

Type IV secretion system
protein virB4

Tyrosine recombinase
XerC

Vitamin B12-binding
protein

Type IV secretion system
protein virB4

Tyrosine recombinase
XerC

Type IV secretion system
protein virB4

Tyrosine recombinase
XerC

Transposon Tn10 TetC Type Il secretion system
protein proteinJ

Transposon Tn10 TetD Type Il secretion system
protein protein L

Transposon Tn3 Type Il secretion system
resolvase protein M

Transposon Tn3 Type | restriction enzyme
resolvase EcoR124II R protein

Type IV secretion system
protein virB5

Tyrosine recombinase
XerC




Table 20. ORFs Annotated with a Function in All Urinary E. coli Col Plasmids.
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Antirestriction protein
KlcA

galactopyranose 3-N-
acetyltransferase

Magnesium transport
protein CorA

putative protein YggR

Antitoxin CcdA

Glutamine--tRNA ligase

Arsenate reductase

ATP-dependent Clp
protease ATP-binding
subunit ClpX

Glycine betaine
transporter

Mobilization protein
MbeC

Tn3 family transposase
ISYps3

putative protein YncE

Inner membrane protein
Yqil

mRNA interferase toxin
RelE

putative TonB-

Tn3 family transposase
Tn3

dependent receptor

ATP-dependent RecD-
like DNA helicase

Inner membrane protein
YqiK

mRNA interferase toxin
RelE

Toxin CcdB

Putative transposon
Tn552 DNA-invertase

Toxin HigB-1

bin3

Beta-lactamase TEM

Chromosome partition
protein Smc

Iron-sulfur cluster carrier
protein

Nucleoid occlusion
protein

Toxin RelE2

Recombination-
associated protein RdgC

Cloacin immunity protein

1S110 family transposase
ISEsa2

Outer membrane
lipoprotein BfpB

Recombination-

Transcription
antitermination protein
RfaH

associated protein RdgC

Colicin-E2 immunity
protein

1S3 family transposase
1S2

Phosphoethanolamine
transferase OpgE

Regulatory protein rop

Phospholipase D

Regulatory protein rop

Transcription
antitermination protein
RfaH

Colicin-E3

1S3 family transposase
1S3411

Phospholipase D

Regulatory protein rop

Colicin-E7

1S3 family transposase
1S629

Colicin-la

Colicin-la

1S3 family transposase
1S629

Plasmid-derived single-
stranded DNA-binding
protein

Transposon gamma-
delta resolvase

Regulatory protein rop

Transposon Tn3
resolvase

Replication initiation
protein

Coupling protein TraD

IS3 family transposase
1SSd1

Plasmid partition protein
A

Replication initiation

Type | restriction enzyme
EcoR124II R protein

protein

Deoxyuridine 5'-
triphosphate
nucleotidohydrolase

IS3 family transposase
1SSf110

Plasmid segregation
protein ParM

Type IV secretion system
protein VirB11

Replication protein RepA

DNA adenine methylase

IS5 family transposase
ISKpn26

Plasmid segregation
protein ParM

Replicative DNA helicase

Type IV secretion system
protein virB4

RNA chaperone ProQ

Protein PndA

DNA adenine
methyltransferase YhdJ

IS6 family transposase
IS15DII

Protein PsiB

Type IV secretion system
protein virB8

Single-stranded DNA-
binding protein

DNA-invertase hin

ISNCY family transposase
ISRor2

Protein UmuC

Type IV secretion system
protein virB9

Thermonuclease

DNA relaxase MbeA

dTDP-3-amino-3,6-
dideoxy-alpha-D-

Lipopolysaccharide core
heptose(ll)-phosphate
phosphatase

Protein UmuD

Tn3 family transposase

Tyrosine recombinase
XerC

Protein UmuD

Tn3 family transposase
ISEc63

Tyrosine recombinase
XerC

Lysis protein for colicin N

putative HTH-type
transcriptional regulator
YbaQ

Tn3 family transposase
I1SSbal4

Virulence regulon
transcriptional activator
VirB

Tn3 family transposase

ISSbal4




Table 21. ORFs Annotated with a Function in All Urinary E. coli Inc-various Plasmids.

3'-5' exonuclease DinG

Adhesin YadA

Plasmid partition protein
A

Type IV secretion system
protein virB9

Adhesin YadA

Plasmid segregation
protein ParM

Type IV secretion system
protein virB9

Antirestriction protein
KlcA

Proteasome-associated
ATPase

Type IV secretion system
protein virB9

ATP-dependent RecD-
like DNA helicase

Protein PndA

Colicin-la

Protein PsiB

Tyrosine recombinase
XerC

Coupling protein TraD

Protein UmuC

Tyrosine recombinase
XerC

DNA adenine
methyltransferase YhdJ

Protein UmuD

Protein UmuD

Virulence regulon
transcriptional activator
VirB

DNA-binding protein
StpA

Protein VirD4

DNA-invertase hin

putative protein YggR

DNA-invertase hin

DNA polymerase Ill
subunit theta

Putative transposon
Tn552 DNA-invertase
bin3

DNA primase TraC

DNA topoisomerase 3

Putative transposon
Tn552 DNA-invertase
bin3

DNA topoisomerase 3

Recombination-
associated protein RdgC

Endonuclease YhcR

1S110 family transposase
ISEsa2

RepFIB replication
protein A

IS3 family transposase
1S3

Replication initiation
protein

Replicative DNA helicase

IS5 family transposase
1S903

Single-stranded DNA-
binding protein

IS6 family transposase
IS15

Single-stranded DNA-
binding protein

ISNCY family transposase
ISRor2

Single-stranded DNA-
binding protein

ISNCY family transposase
ISSen7

Lipopolysaccharide core
heptose(ll)-phosphate
phosphatase

Transcription
antitermination protein
RfaH

Type IV secretion system
protein PtIE

Modulating protein
YmoA

Type IV secretion system
protein PtIE

Modulating protein
YmoA

Type IV secretion system
protein VirB11

mRNA interferase toxin
RelE

Type IV secretion system
protein VirB11

Nucleoid occlusion
protein

Type IV secretion system
protein VirB11

Phospholipase D

Phospholipase D

Type IV secretion system
protein virB4

Phospholipase D

Type IV secretion system
protein virB4

Pl protein

Type IV secretion system
protein virB4

Plasmid-derived single-
stranded DNA-binding
protein

Type IV secretion system
protein virB8
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Urinary Plasmid Conjugation to E. coli K-12

If urinary plasmids reduce the permissivity to phage infection in E. coli, then we expect that
acquisition of these plasmids by phage-susceptible E. coli K-12 would decrease permissivity. Given the
data thus far (e.g., presence of pemlK and traT genes in less phage-susceptible isolates), the primary
plasmid target for having an anti-phage effect are the F plasmids, which often code for conjugation
machinery. To move plasmids from a urinary background to a control background, the plasmid donor
and recipient must have different selection markers. The urinary E. coli isolates were grown on plates
containing antibiotics that can be used as selection markers (Table 21). Overall, the most common
selection marker that urinary isolates could grow on was ampicillin (41.2%) followed by tetracycline
(23.5%). The growth on selection markers was analyzed based on incompatibility groups, with growth on
ampicillin being the most common in all groups, followed by tetracycline (Figure 11a). The IncF group
had isolates that could grow on all antibiotic plates tested. Isolates of the IncF group were most likely to
grow on more than one antibiotic, with isolates UMB5924 and UMB1284 growing on four out of five
antibiotics (Figure 11b, Table 21).

The annotations for the urinary E. coli plasmids for isolates that could grow on tetracycline were
reviewed for the presence of tetracycline (Tc) resistance genes. From these, the annotations were
reviewed for evidence of plasmid transfer genes (i.e., tra genes). Five isolates were identified with these
criteria and became plasmid donor candidates; none of these isolates grew on chloramphenicol (Cm),
the marker used to select E. coli K-12 conjugation recipients (Table 22). Two main constructs of E. coli K-
12 were utilized, one with the selection marker on an empty vector plasmid (pCA14n-Cm) and the other
with the selection marker cassette in the chromosome (i.e., yfiQ::Cm). Both plasmid recipients
generated transconjugants on double antibiotic (Cm and Tc) plates following conjugation. As a negative
control for the plasmid recipient, a WT E. coli K-12 strain (MG1655) was used since it does not carry a

selection marker and did not generate transconjugants under selection. For the negative control plasmid
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donors, two urinary isolates were used that met all the criteria for conjugation except that they were
not predicted to carry a plasmid, and these isolates did not generate transconjugants under selection.
Table 6 and Table 7 lists all the plasmid recipients and constructs tested, respectively. Multiple
manipulations of the yfiQ cobB acetylation system were tested, in addition to the E. coli K-12 BW25113

strain background, and the kanamycin selection marker.



Table 22. Growth of Urinary E. coli on Antibiotic Selection Plates.

isl?atzs 68 28 1 3 8 16
Percentage | 100.00 41.18 1.47 4.41 11.76 23.53

Strain Inc group :i:l::v:h:: LB Am Cm Kn Spc Tc
B Control 0 Yes No No No No No
c Control 0 Yes No No No No No
K-12 Control 0 Yes No No No No No
UMBO0103 IncEll 3 Yes Yes Yes No No Yes
UMBO0149 Inc 0 Yes No No No No No
UMBO0276 None 1 Yes Yes No No No No
UMBO0527 IncEll 0 Yes No No No No No
UMBO0731 Col 0 Yes No No No No No
UMB0906 IncFll 1 Yes Yes No No No No
UMB0923 Inc 0 Yes No No No No No
UMB0928 IncEl 2 Yes Yes No No No Yes
UMBO0931 IncFll 2 Yes Yes No No No Yes
UMBO0933 IncEll 1 Yes No No No Yes No
UMB0934 IncEll 2 Yes Yes No No No Yes
UMBO0939 Col 2 Yes Yes No No No Yes
UMB0949 IncEll 2 Yes Yes No No No Yes
UMB1012 IncEll 1 Yes Yes No No No No
UMB1091 IncFll 3 Yes Yes No No Yes Yes
UMB1093 IncEl 1 Yes Yes No No No No
UMB1160 IncEll 1 Yes No No No Yes No
UMB1162 IncFll 1 Yes No No No No Yes
UMB1180 Col 0 Yes No No No No No
UMB1193 IncEll 3 Yes Yes No No Yes Yes
UMB1195 IncFll 0 Yes No No No No No
UMB1202 IncFll 0 Yes No No No No No
UMB1220 None 0 Yes No No No No No
UMB1221 IncFll 1 Yes No No No No Yes
UMB1223 IncFll 2 Yes Yes No No No Yes
UMB1225 None 0 Yes No No No No No
UMB1228 Inc 0 Yes No No No No No
UMB1229 IncFll 3 Yes Yes No No Yes Yes
UMB1284 IncFll 4 Yes Yes No Yes Yes Yes
UMB1285 IncFll 0 Yes No No No No No
UMB1335 IncFll 1 Yes Yes No No No No
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Table 22. Growth of Urinary E. coli on Antibiotic Selection Plates (Continued).

UMB1337 IncFll 1 Yes Yes No No No No
UMB1346 IncFll 0 Yes No No No No No
UMB1347 0 Yes No No No No No
IncFll
UMB1348 IncEll 1 Yes Yes No No No No
UMB1354 None 0 Yes No No No No No
UMB1356 None 0 Yes No No No No No
UMB1358 None 0 Yes No No No No No
UMB1359 None 0 Yes No No No No No
UMB1360 IncEll 1 Yes Yes No No No No
UMB1362 IncEl 2 Yes Yes No No No Yes
UMB1526 None 1 Yes Yes No No No No
UMB1727 IncFll 1 Yes Yes No No No No
UMB2019 Col 0 Yes No No No No No
UMB2055 Inc 0 Yes No No No No No
UMB2321 Inc 0 Yes No No No No No
UMB2328 Inc 0 Yes No No No No No
UMB3538 IncEll 2 Yes Yes No Yes No No
UMB3641 IncEll 2 Yes Yes No No Yes No
UMB3643 Inc 1 Yes Yes No No No No
UMB4656 IncEll 1 Yes Yes No No No No
UMB4716 IncEll 0 Yes No No No No No
UMB4746 IncEll 0 Yes No No No No No
UMB5337 None 0 Yes No No No No No
UMB5814 IncFll 0 Yes No No No No No
UMB5924 None 4 Yes Yes No Yes Yes Yes
UMB5978 IncEl 0 Yes No No No No No
UMB6454 IncEl 0 Yes No No No No No
UMB6471 IncFll 0 Yes No No No No No
UMB6611 IncFl 0 Yes No No No No No
UMB6655 IncFl 0 Yes No No No No No
UMB6713 IncFll 1 Yes Yes No No No No
UMB6721 IncFll 1 Yes No No No No Yes
UMB6890 IncFl 0 Yes No No No No No
UMB7431 IncFll 0 Yes No No No No No

Note: Ampicillin (100 ug/ml), Chloramphenicol (25 ug/ml), Kanamycin (40 ug/ml), Spectinomycin (100
ug/ml), Tetracycline (15 ug/ml).
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Figure 11. Inc Group and Growth on Antibiotic Plates.

(a) Percentage of urinary E. coli isolates from a plasmid group that grew on a given antibiotic plate. (b)
Percentage of urinary E. coli isolates from a plasmid group that grew on multiple antibiotic plates.



Table 23. Urinary E. coli Plasmid Donors, Recipients, and Transconjugants.

Strain Background Conjugation role BLAST hit Conjugation Cm resistance Tc resistance Cm Tc Cm/Tc Generated
machinery on chromosome on assembly plate plate plate transconjugants
on Cm/Tc plates
AJW1776 MG1655 Plasmid recipient Chromosomal No No No No No No No
negative control
AJW4793 MG1655 pCA24n-Cm Plasmid recipient Chromosomal No Yes No Yes No No Yes
AJW5116 MG1655 yfiQ::Cm, Plasmid recipient Chromosomal No Yes No Yes No No Yes
cobB::FRT
UMB1284 Urinary Plasmid donor Plasmid Yes No Yes No Yes No Yes
UMBO0928 Urinary Plasmid donor Plasmid Yes No Yes No Yes No Yes
UMB1223 Urinary Plasmid donor Plasmid Yes No Yes No Yes No Yes
UMB6721 Urinary Plasmid donor Plasmid Yes No Yes No Yes No Yes
UMB1091 Urinary Plasmid donor Plasmid Yes No Yes No Yes No Yes
UMBO0939 Urinary Donor negative Chromosomal Yes No No No Yes No No
control
UMB1362 Urinary Plasmid donor Chromosomal Yes No No No Yes No No
negative control

06
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Urinary E. coli Plasmids Reduce Phage Infection Permissivity

The phage spot titration assay was used to assess permissibility of phage infection by P1lvir,
Greed and Lust) of the E. coli K-12 transconjugants from Table 22 (Figure 12). The urinary E. coli isolates
used as plasmid donors were not permissive to the phage at any concentrations tested (Table 23). In
contrast, the E. coli K-12 recipients (MG1655WT, MG1655 pCA24n-Cm, and MG1655 yfiQ::Cm
cobB::FRT) were susceptible at every concentration tested, including dilution by eight orders of
magnitude to 10 pfu/mL (Table 23). Urinary plasmids from five isolates were conjugated into the
MG1655 pCA24n background; only the pU0928 and pU1284 transconjugants exhibited a permissivity
profile that differed from that of the recipient control (Table 24). These transconjugants were only
permissive until the third titration (10° pfu/mL), indicating a decrease in phage infection permissibility.
Similar results were observed in the MG1655 yfiQ::Cm cobB::FRT background on acquisition of the same
two plasmids: pU0928 and pU1284 (Table 25). Constructs were made to assess if complementation of
yfiQ, a different E. coli K-12 background, or a different gene deletion influenced permissivity. None of
these constructs by themselves changed permissivity to infection, only decreasing when the puU0928
was conjugated into construct (Table 26).

Growth curves were used to assess the effect of the urinary E. coli plasmids on E. coli growth
during phage infection at a multiplicity of infection (MOI) of 0.0, 0.01, and 10.0. Infection of an E. coli K-
12 puU0928 transconjugant (either MG1655 pCA24n-Cm or MG1655 yfiQ::Cm) with P1vir resulted in
comparable optical density (ODsoo) to uninfected control at all time points (Figure 13a). Infection of the
E. coli K-12 pU0928 transconjugant with Greed at an MOI of 0.01 resulted in growth characteristics
similar to the uninfected control (Figure 13b). Increasing the MOI of Greed to 10.0 resulted in growth
characteristics comparable to the control infected with an MOI of 0.01. The 103 difference in MOI
indicates that acquisition of pU0928 decreases E. coli K-12's permissibility to phage infection. Infection

with Lust resulted in growth characteristics similar to those of the P1vir infection, with transconjugants
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infected with phage at MOI of 0.01 and 10.0 exhibiting comparable growth to the uninfected control
(Figure 13c). This experiment was repeated with the E. coli K-12 pU1284 and E. coli K-12 pU1223
transconjugants. The E. coli K-12 pU1284 transconjugant had results comparable to those of the E. coli
K-12 pU0928 transconjugant (Figure 14a-c). In contrast, the E. coli K-12 pU1223 transconjugant had
results comparable to the control, indicating that pU1223 does not confer a protective effect that
reduces phage infection permissibility (Figure 15a-c).

Acquisition of urinary plasmids by E. coli K-12 AJW5116 led to growth on antibiotic plates, like
the pattern of the plasmid donor parent (Table 27). Given that pU0928 and pU1284 reduced phage
permissibility in E. coli K-12, the stability of pU0928 was tested in the absence of selection after
passaging for multiple days to assess if the plasmid could be retained over an extended time frame. The
pU0928 plasmid was tracked using the tetracycline resistance selection marker in UMB0928 (i.e.,
plasmid donor), two E. coli K-12 pU0928 transconjugants, and the negative control K-12 without
pU0928. Even in the absence of selection during passaging, colony growth in tetracycline plates was
comparable to growth in LB plates up to ten days (Figure 16). To identify a mechanism that could explain
this long-term stability, the plasmidic assembly for UMB0928 was reviewed for plasmid retention genes;

UMBO0928 is predicted to code for two TA systems, ccdAB and pemIK.



Phage spotted in
decreasing concentration
(start with 1x10e9 PFU/ml)

K-12is very
susceptible to lysis
even at 1x10e2 PFU/ml

K-12 (MG1655) K-12 (MG1655) + pU0928

Figure 12. Spot Titration Phenotype in E. coli K-12 Transconjugants.

Phage (P1vir, Greed, Lust respectively) were spotted in decreasing titrations on E. coli K-12 lawns. The lowest titration where a phage spot was
visualized was given as a score for that plate (e.g., E. coli K-12 MG1655 was given a score of 8, E. coli K-12 MG1655 pUQ0928 had a score of 3).
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Table 24. Spot Titration Phenotype of Conjugation Parents for K-12 Transconjugants.

E. coli strain Construct ‘ Mutation ASKA plasmid Bladder plasmid Marker P1lvir Lust Greed
Urinary UMB0928 N/A None puU0928 Tc No spot No spot No spot
Urinary UMB1091 N/A None pU1091 Tc No spot No spot No spot
Urinary UMB1223 N/A None pU1223 Tc No spot No spot No spot
Urinary UMB1284 N/A None pul284 Tc No spot No spot No spot
Urinary UMB6721 N/A None pU6721 Tc No spot No spot No spot
MG1655 AJW1776 WT None None None
MG1655 AJW4793 WT pCA24n-Empty None Cm
MG1655 AJW5116 yfiQ::Cm, cobB::FRT None None Cm

Table 25. Spot Titration Phenotype in K-12 MG1655 pCA24n-Cm Background.
E. coli strain Construct Mutation ASKA plasmid Bladder plasmid Marker Plvir Lust Greed
MG1655 AJW4793 WT pCA24n-Empty puU0928 Cm, Tc 3 4 3
MG1655 AJW4793 WT pCA24n-Empty pU1091 Cm, Tc 8 8 8
MG1655 AJW4793 WT pCA24n-Empty pU1223 Cm, Tc 8 8 8
MG1655 AJW4793 WT pCA24n-Empty puU1284 Cm, Tc 3 4 3
MG1655 AJW4793 WT pCA24n-Empty pU6721 Cm, Tc 8 8 8
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Table 26. Spot Titration Phenotype in K-12 MG1655 yfiQ::Cm, cobB::FRT Background.

E. coli strain Construct ‘ Mutation ’ ASKA plasmid | Bladder plasmid | Marker Plvir Lust Greed

MG1655 AJW5035 yfiQ::Kn None None Kn 8 8 8
MG1655 AJW1776 WT pCA24n-yfiQ None Cm 8 8 8
MG1655 AJW5035 yfiQ::Kn pCA24n-yfiQ None Kn, Cm 7 8 8
MG1655 AJW5035 yfiQ::Kn pCA24n-Empty  None Kn, Cm 7 8 8
MG1655 AJW5184 yfiQ::Cm None None Cm 8 8 8
MG1655 AJW5035 yfiQ::Kn pCA24n-yfiQ puU0928 Cm, Kn, Tc 3 4 3
MG1655 AJW5035 yfiQ::Kn pCA24n-Empty  pU0928 Cm, Kn, Tc 4 5 4
MG1655 AJW5184 yfiQ::Cm None pU0928 Cm, Tc 3 3 3
BW25113 AJW4688 yfiQ::Kn None None Kn, Tc 8 8 8
BW25113 AJW4688 yfiQ::Kn None puU0928 Kn, Tc 3 3 3
MG1655 AJW5037 cobB::Cm None None Cm 8 8 8
MG1655 AJW5037  cobB::Cm None puU0928 Cm, Tc 2 3 3

Table 27. Spot Titration Phenotype in K-12 yfiQ Mutant Background.

E. coli strain | Construct ‘ Mutation | ASKA plasmid | Bladder plasmid | Marker Plvir Lust Greed

MG1655 AJW5116  yfiQ::Cm, cobB::FRT None None Cm 8 8 8
MG1655 AJW5116  yfiQ::Cm, cobB::FRT None pu0928 Cm, Tc 3 3 3
MG1655 AJW5116  yfiQ::Cm, cobB::FRT None puU1091 Cm, Tc 8 8 8
MG1655 AJW5116  yfiQ::Cm, cobB::FRT None puU1223 Cm, Tc 8 8 8
MG1655 AJW5116  yfiQ::Cm, cobB::FRT None puU1284 Cm, Tc 3 3 3
MG1655 AJW5116  yfiQ::Cm, cobB::FRT None puU6721 Cm, Tc 8 8 8
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Figure 13. Growth Curve of K-12 Transconjugants with pU0928 Infected with Phage.

Constructs of E. coli K-12 were infected with (a) P1vir, (b) Greed, and (c) Lust at OD 0.04 (~1 hour) at three MOIs (0.0, 0.01, 10.0). When infected,

constructs with no pU0928 had a severely decreased OD, while those carrying pU0928 exhibited a less pronounced decrease.
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Figure 14. Growth Curve of K-12 Transconjugants with pU1284 Infected with Phage.
Constructs of E. coli K-12 were infected with (a) P1vir, (b) Greed, and (c) Lust at OD 0.04 (~1 hour) at three MOIs (0.0, 0.01, 10.0). When infected,
constructs with no pU1284 had a severely decreased OD, while those carrying pU1284 exhibited a less pronounced decrease.
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Figure 15. Growth Curve of K-12 Transconjugants with pU1223 Infected with Phage.
Constructs of E. coli K-12 were infected with (a) P1vir, (b) Greed, and (c) Lust at OD 0.04 (~1 hour) at three MOls (0.0, 0.01, 10.0). Constructs
exhibited a several decreased OD when infected even in the presence of pU1223.
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Table 28. Growth of K-12 with pU0928 and pU1284 on Antibiotic Plates.
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K-12 AJW5116 UMB0928 K-12 AJW5116 UMB1284 K-12 AJW5116
pu0928 pu1284
Strain Plasmid Plasmid Plasmid
description recipient donor Transconjugant donor Transconjugant
LB + + + + +
Tetracycline + + + +
Kanamycin + +
Ampicillin + + + +
Spectinomycin + +
Chloramphenicol + + +
100-
2 _ - MG1655 pCA24n-cm
“m 104
= - = UMB0928
3 g " _,_ MG1655 pCA24n-cm
17 = pU0928
-‘g’ E o MG1655 AcobB yfiQ::cm
C 0.1+ puU0928
o
0.01 — T
0 5 10
Day

Figure 16. Stability of pU0928 in the Absence of Selection.

Urinary isolate UMB0928 and E. coli K-12 variants were grown in the absence of antibiotic selection for
plasmid pU0928 for 10 days. Cultures were plated onto tetracycline (pU0928 selection marker) and LB
plates daily. A plasmid stability ratio of 1 indicates plasmid retention, while a ratio close to 0 indicates
loss of plasmid. The negative control MG1655 pCA24n-Cm without pU0928 did not grow on tetracycline

plates.
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Sequence Analysis of Anti-phage Plasmids
The plasmidic assemblies for the plasmid donors UMB0928, UMB1284, and UMB1223 were
profiled for homology and gene content. The curated plasmid sequence from these assemblies was
estimated to be ~100,000 bp and homologous to F plasmids in the NCBI database (Table 28). UMB1284
had plasmidic sequences (UMB1284 1, UMB1284 2) with homology to two distinct plasmids in the NCBI
database. Only 127 ORFs (30.82%) in the plasmidic assemblies from UMB0928 and UMB1284 were
annotated with a function, while 285 (69.17%) were not assigned a predicted function (i.e., hypothetical

proteins).

Table 29. Sequence Overview of Plasmid Donors for K-12 Conjugation.

Predicted plasmid Predicted size (bp) BLAST hit Plasmid Size (bp) GenBank Query % E-

replicon type coverage | sequence value
identity

UMB0928_1 107042 pCFS3313-2 Col156, incFIA, 111822 CP026941.2 98 99.17 0.0
incFIB, incFll

UMB1223_1 144896 pDA33137-178 Col156, incFIA, 178078 CP029580.1 90 99.95 0.0
incFIB, incFll

UMB1284_1 48172 p51008369SK1 incX 33826 CP029976.1 70 99.95 0.0

UMB1284_2 95109 p179-1 incFIA, incFll 122483 CP041560.1 75 100 0.0

We performed both plasmid and whole genome extractions of the E. coli K-12 transconjugants
carrying either pU928, pU1223, and pU1284 and sequenced via lllumina short read sequencing. The
plasmid extractions failed to adequately sequence (data not shown). However, the whole genome
extractions resulted in sufficient plasmid genetic content for assembly (Table 29). Plasmid contigs were
aligned to plasmid entries in the NCBI database via web BLAST to curate plasmid contigs and prune
chromosomal contigs. Curated plasmid assemblies for pU0928, pU1223, and pU1284 were predicted to
be ~100k bp (approximately the size of a typical F plasmid). The assemblies for pu0928, pU1223, and
pU1284, and pU6721 had homology to E. coli plasmid sequences deposited in the NCBI database (Table

30). The genetic content sequenced from E. coli K-12 pU1091 only had chromosomal hits.
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Table 30. Assembly and Annotation Overview of Urinary Plasmids from K-12 Transconjugants.

Phage
Urinary plasmid phenotype Contigs Bases CDS
pU0928 Less permissive 16 100293 107
pU1284 Less permissive 11 130107 151
pU1223 Permissive 20 148520 173
pU1091 Permissive 11 10546 9
pU6721 Permissive 7 39608 54

The genetic content of the plasmids was analyzed for incompatibility, virulence, and antibiotic
resistance genes (Table 31). pU0928, pU1223, and pU1284 had incompatibility genes like those
predicted in their respective parent plasmid donor, primarily those associated with F plasmids. pU1091
did not have any predicted rep or inc genes, further supporting the hypothesis that plasmid content was
not sequenced. pU6721 had the incompatibility gene incX4, which differs from the incompatibility genes
predicted in UMB6721 (incFIB, col, incB/O/K/, incFll, incX4), in addition to having a different plasmid size
than UMB6721. The two plasmids that confer an anti-phage phenotype, pU0928, and pU1284, were
predicted to carry virulence genes. puU0928, pU1223, and pU1284 had multiple predicted antibiotic
resistance genes, including against tetracycline, which was utilized for antibiotic selection for the E. coli

K-12 transconjugants.



Table 31. BLAST Hits for Urinary plasmids Extracted and Sequenced from K-12 Transconjugants.

Urinary
Urinary plasmid plasmid size BLAST hit Query

Host sequenced (bases) Plasmid BLAST hit size (bases) | Host coverage E value | Per.ldent | Accession

K-12 puU0928 100293 | pU15A_A 109023 | Escherichia coli 45% 0 99.60% | CP035721.1
pU15A_B 87354 | Escherichia coli 39% 0 99.60% | CP035469.1
p22C124-2 80146 | Escherichia coli 32% 0 99.62% | LC501510.1
p16C47-3 87921 | Escherichia coli 32% 0 99.62% | LC501471.1
p17C106-1 23836 | Escherichia coli 21% 0 99.62% | LC501478.1

K-12 puU1284 130107 | p2629-1 109813 | Escherichia coli 52% 0 100.00% | CP041542.1
p4_0.1 138672 | Escherichia coli 72% 0 100.00% | CP023850.1
pT0148 133139 | Escherichia coli 73% 0 100.00% | LS992191.1
RCS59_p 130559 | Escherichia coli 64% 0 100.00% | LT985271.1
pECAZ162_KPC 142829 | Escherichia coli 61% 0 100.00% | CP019014.1

K-12 puU1223 148520 | pNMBU-W13E19_01 122112 | Escherichia coli 76% 0 99.96% | CP043407.1
pRHBSTW-00322_2 124230 | Escherichia coli 77% 0 99.77% | CP056599.1
pB28 112178 | Escherichia coli 51% 0 99.92% | MK295820.1
pMSB1_3B-sc-2280406_2 160467 | Escherichia coli 86% 0 99.80% | LR890300.1
pRSB225 164550 | uncultured bacterium 74% 0 99.95% | JX127248.1

K-12 pU1091 10546 | Chromosome 4621656 | Escherichia coli 63% 0 99.88% | CP011343.2
Chromosome 4615343 | Escherichia coli 63% 0 99.85% | CP043205.1
Chromosome 4615322 | Escherichia coli 63% 0 99.85% | CP043207.1
Chromosome 4686434 | Escherichia coli 65% 0 99.85% | CP060708.1
Chromosome 4656756 | Escherichia coli 63% 0 99.83% | CP043193.1

K-12 pU6721 39608 | p010_C 32102 | Escherichia coli 72% 0 99.67% | CP048333.1
pSAM7 35341 | Escherichia coli 72% 0 99.66% | JX981514.1
pCFS3313-3 31764 | Escherichia coli 72% 0 99.59% | CP026942.1
pEcincX4 31653 | Escherichia coli 71% 0 99.59% | MT349420.1
pVPS18EC0801-4 31764 | Escherichia coli 72% 0 99.58% | CP063721.1

[40)8
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Table 32. Gene Analysis of Urinary Plasmids in K-12 Transconjugants.

Urinary Phage Plasmid Virulence | Antibiotic resistance
Host | plasmid phenotype | replicon genes predicted
Less IncFIB, Col156, Streptomycin, sulfamethoxazole,
K-12 | pu0928 permissive IncQl, Incl1-I cia, senB trimethoprim, tetracycline
Less IncFIA, IncFll, Ciprofloxacin, spectinomycin, trimethoprim,
K-12 | pU1284 permissive IncX4 traT sulfamethoxazole, macrolide, tetracycline,
Permissive Streptomycin, tetracycline,
IncFIA, IncFIB, sulfamethoxazole, macrolide,
K-12 | pu1223 IncFll, Col156 ampicillin/amoxicillin/ceftriaxone/piperacillin
K-12 | pu1091 Permissive | None Aminoglycoside
K-12 | pU6721 Permissive | |ncxa

pU0928 and pU1284 conferred an anti-phage phenotype to E. coli K-12, while pU1223 conferred

as permissive a phenotype as the no plasmid control. Genes in pU0928 and pU1284 may explain the

anti-phage mechanism. Thus, we mapped sequence reads to the respective curated plasmid sequence

(Figure 17). No large gaps were observed in the plasmid sequence after mapping reads to the predicted

plasmid sequence. The curated plasmid assemblies were annotated via Prokka and ORFs clustered via

Usearch with a 0.8 amino acid sequence identity threshold. A known gene function was assigned to

39.05% of ORFs in pU0928, 40.82% of ORFs in pU1284, and 42.18% of ORFs in pU1223 (Table 32). The

names of distinct ORFs were processed as a list for each plasmid (Table 33-35). The plasmids were noted

to have plasmid replication and maintenance machinery, virulence genes, and the tetracycline

resistance that was used for antibiotic selection. pU0928 and pU1284 were queried for the anti-phage

genes listed in Table 10 (cover query and sequence identity >90%). From these, the only anti-phage

genes present were imm in pU0928 and ttraT in pU1284.
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Figure 17. Read Coverage of Urinary F Plasmids in K-12 Transconjugants.

Sequence reads were mapped to curated plasmid assembly from (a) pU0928, (b) pU1284, and (c) pU1223. No large gaps are observed in the
plasmid sequence predicted after sequence read assembly.
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Table 33. Overview of ORFs Annotated in Urinary Plasmids from K-12 Transconjugants.

Phage ORFs with ORFs % with

phenotype Bases function hypothetical function
pU0928 Less permissive 100293 41 64 39.05
pU1284 Less permissive 130107 69 100 40.82
pU1223 Permissive 148520 62 85 42.18

Table 34. Unique ORFs in pU0928 Annotated with a Function.

34 kDa membrane antigen

Aminoglycoside 3'-
phosphotransferase

Major pilus subunit operon
regulatory protein PapB

RepFIB replication protein A

Colicin-la

Na(+)-translocating NADH-
quinone reductase subunit C

Replication initiation protein

Dihydropteroate synthase

Nucleoid occlusion protein

Tetracycline repressor protein
class B from transposon Tn10

DNA-invertase hin

Glucose-1-phosphatase

Plasmid-derived single-stranded
DNA-binding protein

Tetracycline resistance protein,
class B

Hemin receptor

IS1 family transposase IS1R

Plasmid segregation protein
ParM

Thiol-disulfide oxidoreductase
ResA

IS21 family transposase
IS100kyp

Protein PsiB

Thiol-disulfide oxidoreductase
ResA

Protein UmuC

Tn3 family transposase TnAs3

IS4 family transposase 1SVsa5

putative protein

IS66 family transposase ISEc22

putative protein YncE

Transcription antitermination
protein RfaH

IS66 family transposase ISEc22

IS66 family transposase ISEc8

putative TonB-dependent
receptor

Transposon Tn10 TetC protein

Transposon Tn10 TetD protein

IS6 family transposase 1526

ISNCY family transposase 1SSen7

Lipoprotein-releasing system
ATP-binding protein LolD

Putative transposase InsK for
insertion sequence element
IS150

Tyrosine recombinase XerC

Tyrosine recombinase XerC

Regulatory protein RepA

Tyrosine recombinase XerC

Note: Unique ORF is based off a 0.8 amino acid sequence identity threshold. Entries with the same name on the list
fall below this threshold and are thus distinct ORFs despite being annotated with the same name.



Table 35. Unique ORFs in pU1284 Annotated with a Function.
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34 kDa membrane antigen

IS6 family transposase 1S26

Protein Tral

Amino-acid permease RocC

IS6 family transposase 1S6100

Protein TraQ

Aminoglycoside 3'-
phosphotransferase

IS91 family transposase 1SSbo1l

Protein TraV

Antirestriction protein KIcA

ISL3 family transposase ISStma1l1l

putative protein

Antitoxin CcdA

Lipoprotein-releasing system ATP-
binding protein LolD

putative protein YncE

Antitoxin Peml

Lipoprotein YIpA

putative signaling protein

Beta-lactamase TEM

Coupling protein TraD

Mating pair stabilization protein
TraN

putative TonB-dependent receptor

Dihydropteroate synthase

Mercuric reductase

Putative transposase InsK for
insertion sequence element IS150

DNA adenine methyltransferase
Yhd)J

Mercuric transport protein MerC

Relaxosome protein TraM

Mercuric transport protein MerT

Relaxosome protein TraY

DNA-cytosine methyltransferase

Endonuclease YhcR

Mercuric transport protein
periplasmic component

RepFIB replication protein A

Replication initiation protein

Endoribonuclease PemK

Fertility inhibition protein

Methyl-accepting chemotaxis
protein McpQ

Tetracycline repressor protein class
B from transposon Tn10

Glucose-1-phosphatase

Multidrug efflux pump Tap

Hemin receptor

Homocysteine S-methyltransferase

Multifunctional conjugation
protein Tral

Tetracycline resistance protein,
class B

IS110 family transposase IS5075

Na(+)-translocating NADH-quinone
reductase subunit C

Thiol-disulfide oxidoreductase
ResA

IS21 family transposase 1S100kyp

Nucleoid occlusion protein

Thiol-disulfide oxidoreductase
ResA

IS3 family transposase I1SLad1

Pilin

Tn3 family transposase ISPa38

IS4 family transposase 1SVsa5

IS5 family transposase 1S5

Plasmid-derived single-stranded
DNA-binding protein

Toxin CcdB

Transposon Tn10 TetC protein

IS66 family transposase ISEc22

Protein PsiB

Transposon Tn10 TetD protein

IS66 family transposase ISEc22

Protein SopB

Type-2 restriction enzyme EcoRlI

IS66 family transposase ISEc8

Protein TraC

Tyrosine recombinase XerC

Tyrosine recombinase XerC




Table 36. Unique ORFs in pU1223 Annotated with a Function.
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2-keto-3-deoxygluconate
permease

Hemolysin expression-
modulating protein Hha

34 kDa membrane antigen

IS1 family transposase IS1R

sn-glycerol-3-phosphate
transport system permease
protein UgpA

3’,5’-cyclic adenosine
monophosphate
phosphodiesterase CpdA

IS3 family transposase 15629

IS3 family transposase 15629

Streptomycin 3"-
adenylyltransferase

Aldehyde reductase Ahr

I1S66 family transposase ISEc23

Aminoglycoside N(6')-
acetyltransferase type 1

IS6 family transposase 1S26

Tetracycline repressor protein
class A from transposon 1721

Antirestriction protein KIcA

Lipoprotein-releasing system
ATP-binding protein LolD

Tetracycline resistance protein,
class C

Antitoxin CcdA

Lipoprotein YIpA

Antitoxin Peml

Modulating protein YmoA

Thiol-disulfide oxidoreductase
ResA

Beta-lactamase CTX-M-1

Multidrug efflux pump Tap

Tn3 family transposase

Beta-lactamase OXA-1

Multidrug transporter EmrE

Tn3 family transposase Tn2

Chaperone protein Dnal

Chloramphenicol
acetyltransferase

Na(+)-translocating NADH-
quinone reductase subunit C

Tn3 family transposase TnAs1

Toxin CcdB

Proteasome-associated ATPase

Transcriptional regulator

Coupling protein TraD

Protein SopB

Transposase for transposon Tn5

Diacetylchitobiose uptake
system permease protein NgcG

putative 2-dehydro-3-deoxy-D-
pentonate aldolase YjhH

tRNA(fMet)-specific
endonuclease VapC

Dihydropteroate synthase

DNA adenine methyltransferase
Yhd)

putative chromate transport
protein

Type IV secretion system
protein VirB11

DNA-binding protein H-NS

putative HTH-type
transcriptional regulator RhmR

Type IV secretion system
protein virB4

DNA topoisomerase 3

Replication initiation protein

Endonuclease YhcR

Serine recombinase PinR

Type IV secretion system
protein virB8

Endonuclease YhcR

Endoribonuclease PemK

sn-glycerol-3-phosphate-
binding periplasmic protein
UgpB

Type IV secretion system
protein virB9

Tyrosine recombinase XerC

Glucose-1-phosphatase

sn-glycerol-3-phosphate import
ATP-binding protein UgpC

Tyrosine recombinase XerC

Tyrosine recombinase XerC

All ORFs from pU0928, pU1223, and pU1284 were reviewed to identify ORFs exclusive to or

shared by these three plasmids (Table 36). Three ORFs are found only in pU0928 and pU1284 but not in

pU1223. The predicted functions of these three ORFs were respectively that of a phage integrase (227

amino acids), a dihydrofolate reductase (199 amino acids), and an ORF with an EAL cyclic di-GMP

phosphodiesterase domain (116 amino acids) (Table 37) (Figures 18-20). Phage integrases are utilized by
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phage to integrate into the host genome. Dihydrofolate reductase is used by some phages for phage tail

stability and phage particle assembly. For the third ORF, EAL cyclic di-GMP phosphodiesterase domains

are involved in signaling.

Table 37. ORFs Shared in the Anti-phage Plasmids pU0928 and pU1284.

ORF name

pU0928

pU1223

pU1284

Less
phage
permissive

Phage
permissive

Less
phage
Permissive

Tyrosine recombinase XerC

pU1284 1.fasta_OJDLIIBG_00125 hypothetical protein

pU1284 1.fasta_OJDLIIBG_00127 hypothetical protein

Putative transposase InsK for insertion sequence element 1S150

Tyrosine recombinase XerC

IS3 family transposase 15629

Na(+)-translocating NADH-quinone reductase subunit C

34 kDa membrane antigen

Lipoprotein-releasing system ATP-binding protein LolD

Thiol-disulfide oxidoreductase ResA

Glucose-1-phosphatase

IS6 family transposase 1526

IS1 family transposase IS1R

pU1223.fasta_GJKJIFEI_00100 hypothetical protein

pU1223.fasta_GJKJIFEI_00110 hypothetical protein

pU1223.fasta_GJKJIFEI_00111 hypothetical protein

pU1284 1.fasta_OJDLIIBG_00097 hypothetical protein

pU1284 1.fasta_OJDLIIBG_00131 hypothetical protein

pU1284 1.fasta_OJDLIIBG_00132 hypothetical protein

pU1284 1.fasta_OJDLIIBG_00133 hypothetical protein

B I I I o S e I e IO e e I I I o S I I IS (P A IS

pU1284 1.fasta_OJDLIIBG_00136 hypothetical protein

+
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Note: Hypothetical ORFs are given a temporary name based off that run



Table 38. BLAST Result for the Three ORFs Shared by the Anti-phage Plasmids pU0928 and pU1284.

Predicted Length

ORF name? function? Description (aa) Qcover Eval pident Accession

pU1284 1.fasta_OJDLIIBG_00125 Dihydrofolate

hypothetical protein reductase Dihydrofolate reductase type 1 [Escherichia coli] 199 100 6.00E-144 100 | AKN35619.1

Size: 199 amino acids dihydrofolate reductase type VIl [Escherichia coli] 224 100 7.00E-144 100 | AcQ42056.1
dihydrofolate reductase [Escherichia coli] 210 100 7.00E-144 100 | AIG72712.1
dihydrofolate reductase [Escherichia coli] 232 100 9.00E-144 100 | AQs26682.1
dihydrofolate reductase [Klebsiella pneumoniae)] 233 100 1.00E-143 100 | ADD63540.1

Tyrosine recombinase XerC Phage-integrase integrase/recombinase [Klebsiella pneumoniae] 339 100 0 100 | KMG57351.1
MULTISPECIES: class 1 integron integrase Intl1

Size: 337 amino acids [Bacteria] 337 100 0 100 | wp_000845048.1
class 1 integron integrase Intll [Escherichia coli] 337 100 0 100 | wp_097473620.1
integron integrase [Comamonas thiooxydans] 337 100 0 100 | wp_197577570.1
integron integrase Intl1 [Klebsiella pneumoniae)] 390 100 0 100 | sAY12656.1

EAL cyclic di-GMP

pU1284 1.fasta_OJDLIIBG_00127 phosphodiesterase

hypothetical protein domain hypothetical protein [Escherichia coli] 150 100 6.00E-81 100 | ABG49198.1

Size: 116 amino acids Select seq gb|KJ053739.1| 134 100 6.00E-81 100 | kI053739.1
Select seq gb|KTG85147.1| 141 100 7.00E-81 100 | KTG85147.1
Select seq ref| WP_077776315.1| 198 100 8.00E-81 100 | wp_077776315.1
Select seq ref| WP_077816978.1| 198 100 8.00E-81 100 | wp_077816978.1

Temporary name given by Prokka, in case of a hypothetical ORF it is based off the contig name
2Name given off predicted function and used hereafter
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[+] DHFR_1 pfam00186 Dihydrofolate reductase; 44-198 1.06e-45
[+] FolA COoG0262 Dihydrofolate reductase [Coenzyme transport and metabolism]; 44-198 1.05e-37
[+] PTZ00164 PTZ00164 bifunctional dihydrofolate reductase-thymidylate synthase; Provisional 45-198 8.05e-24

Figure 18. pU1284_1.fasta_OJDLIIBG_00125 Has Protein Domains of Dihydrofolate Reductase.
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Figure 19. Tyrosine Recombinase XerC Has Protein Domains of a Phage Integrase.
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[+ EAL C0OG2200 EAL domain, c-di-GMP-specific phosphodiesterase class | (or its enzymatically inactive variant) ... 1-45 1.69e-17
[+ EAL cd01943 EAL domain. This domain is found in diverse bacterial signaling proteins. It is called EAL .. 1-38 3.48e-17
[+ EAL smart00052  Putative diguanylate phosphodiesterase; Putative diguanylate phosphodiesterase, presentina ... 1-38 2.83e-15
[+ PRK10060 PRK10060 cyclic di-GMP phosphodiesterase; 1-51 1.92e-13
[+ EAL pfam00563 EAL domain; This domain is found in diverse bacterial signaling proteins. It is called EAL .. 1-33 3.64e-11

Figure 20. pU1284_1.fasta_OJDLIIBG_00127 Has Protein Domains of a Signaling Protein
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Although pU0928 and pU1284 only share 14% of their plasmid sequences, the amino acid
sequences of these three ORFs were conserved in both plasmids (Table 38). The phage integrase amino
acid sequence from pU0928 and pU1284 had a 99% shared sequence identity, with a difference of two
amino acids (Proline to Leucine at position 228, Valine to Phenylalanine at position 232). The amino acid
sequence in the dihydrofolate reductase and EAL cyclic di-GMP phosphodiesterase domain were
identical in pU0928 and pU1284. All urinary E. coli plasmid assemblies were scanned for the presence of
these three ORFs, with the threshold for presence set at cover query >90% and sequence identity >90%.
The phage-integrase ORF was present in 16 urinary E. coli plasmidic assemblies, the dihydrofolate
reductase ORF was present in 13, and the EAL cyclic di-GMP phosphodiesterase domain ORF was in 10
(Table 39). The genes for the dihydrofolate reductase and the EAL cyclic di-GMP phosphodiesterase
domain ORF were not always present together, but presence of either of these two ORFs always
included presence of the phage-integrase ORF. All the urinary E. coli isolates with hits to these ORFs
were predicted to have an F plasmid and all but three had no evidence of infection when spotted with
phage. None of these three ORFs were identified in the plasmidic assembly from UMB1284 but were
present in its WGS, potentially due to sequence loss during plasmidic assembly or chromosomal contig
pruning in the former. The three ORFs were identified in UMB0928.

To assess if all the plasmids that have these three ORFs are similar, the nucleotide sequence of
all urinary E. coli plasmidic assemblies containing these three ORFs were compared for sequence
homology (Figure 21). Plasmid sequences from pU0928, pU1284, and pU1223 clustered with their
respective plasmid donor isolate. Some plasmids clustered together, indicating a similar plasmid type in
that subgroup, but the plasmid collection in its entirety did not have high homology. Despite low overall
plasmid homology, the amino acid sequence for the three ORFs for the phage-integrase, dihydrofolate

reductase, and EAL cyclic di-GMP phosphodiesterase domain ORF were conserved in these plasmids.



Table 39. Comparison of Three Shared ORFs in Anti-phage Plasmids pU0928 and pU1284.

ORF name Predicted function | ldentities Positives Gaps

Tyrosine recombinase XerC Phage-integrase 335/337(99%) | 335/337(99%) | 0/337(0%)

pU1284_1 fasta_OJDLIIBG_00125 | Dihydrofolate

hypothetical protein reductase 199/199(100%) | 199/199(100%) | 0/199(0%)
EAL cyclic di-GMP

pU1284_1.fasta_OJDLIIBG_00127 | phosphodiesterase

hypothetical protein domain 116/116(100%) | 116/116(100%) | 0/116(0%)
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Table 40. Presence of ORFs Shared by pU0928 and pU1284 in Other Urinary E. coli Plasmids.

EAL cyclic di-GMP
Phage Inc Phage- Dihydrofolate | phosphodiesterase
Isolate spot group integrase | reductase domain
UMBO0906 | No IncFll + +
UMBO0928 | No IncFl + +
UMBO0931 | Greed IncFll + +
UMBO0933 | No IncFll + +
UMBO0934 | No IncFll + +
UMBO0949 | No IncFll + + +
UMB1091 | No IncFll + +
UMB1160 | Plvir IncFll + +
UMB1193 | No IncFlI +
UMB1223 | No IncFll + +
UMB1229 | No IncFll + +
UMB1284 | No IncFll
UMB1285 | No IncFll + + +
UMB3641 | No IncFlI +
UMB5924 | Plvir IncFl + +
UMB5978 | No IncFl + +
UMB6653 | No IncFll + +
UMB6721 | No IncFll + +

Note: Presence indicates a cover query and sequence identity of over 90%.
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Figure 21. Homology of Urinary E. coli Plasmids with ORFs Shared by pU0928 and pU1284.

The plasmid sequence was compared for all urinary E. coli plasmids that contain the three ORFs shared by pU0928 and pU1284 (phage integrase,
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dihydrofolate reductase, EAL domain gene) present at >90% sequence identity and >90% query coverage. pU0928, pU1223, and pU1283 cluster

with their respective plasmid donor parent. Multiple clusters were identified but, overall, the sequence homology for all plasmids as a group was

low despite the three ORFs of interest being highly conserved. Black denotes 100% sequence homology and white is 0% sequence homology.
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Phage-like Genetic Content in pU0928 and pU1284

A phylogenetic tree of phage integrase sequences was made to assess the relationship of the
urinary E. coli phage integrase to phage integrases in the NCBI database. Phage integrase amino acid
sequences were obtained via web BLAST hits from the pU1284 phage integrase, random searches for
“phage-integrase” in the NCBI gene database (either plasmid, phage, or whole-genome), and homologs
of the Lambda phage integrase (Figure 22). The phage-integrase from pU0928 clustered with phage-
integrases of phage origin. The phage-integrase from pU1284 clustered with phage integrases from
whole-genome sequences of bacteria (which could be of either chromosomal, plasmid, or phage origin).
Because the phage integrase could originate from a prophage in the plasmid, the sequence of pU0928,
pU1223, and pU1284 was scanned for phage content via PHAST and PHASTER. At least one phage-like
gene was predicted in each plasmid, with varying degrees of phage sequence completeness (Table 40).

Phage sequences obtained from PHAST and PHASTER were compared to prune similar phage
hits in the same plasmid (data not shown). Sequence homology comparison indicated four distinct
phage-like sequences present in pU0928, three in pU1223, and one in pU1284 (Figure 23). pU0928 and
pU1223 shared a predicted phage sequence (pU0928 phaster_1 and pU1223_phaster_1). Aside from
some ORFs in common, most of the predicted phage sequences had low sequence homology as
indicated by the light-yellow color of the heatmap. PHASTER generated phage maps with the phage-like
genes annotated in these sequences (Figure 24-26). Predicted phage genes in pU0928 phage-like
sequences were transposases, phage tail shafts, plate proteins, and coat proteins (Figure 24). Predicted
phage genes in pU1223 in phage-like sequences were a transposase and other phage-like genes with
unknown function (Figure 25). Predicted phage genes in the pU1284 phage-like sequence were tail

shaft, transposase, and phage-like genes with unknown function (Figure 26).
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Figure 22. Phage Integrase Genes in Bacteria WGS, Plasmid, and Phages. The sequence for pu1284
has a red dot and the sequence for pU0928 has a blue dot. Phage integrase sequences of bacteria whole genome origin (B_)
were EDU65901.1 (E. coli), EDV61695.1 (E. coli), KMG57351.1 (K. pneumoniae), WP_000845048.1 (Multispecies),
WP_097473620.1 (E. coli), WP_197577570.1 (Comamonas thiooxydans), SAY12656.1 (K. pneumoniae), EBZ3358802.1
(Salmonella), CAA11470.1 (Pseudomonas aeruginosa), EFW2126725.1 (Shigella oydii), AVW61735.1 (Serratia proteamaculans).
Phage integrase sequences of phage origin (Ph_) were P03700 (Lambda), AOA346FJ43 (Enterobacteria phage), KRM93595.1
(Lactobacillus senioris phage), K7P8A1 (Escherichia phage), K7PMHS8 (Escherichia phage), BAB48054.1 (Mesorhizobium
japonicum phage), AGF84336.1 (Salmonella enterica phage), ENO07474.1 (E. coli phage), VBI72162.1 (Burkholderia
pseudomallei), YP_009823978.1 (Erwinia phage), P21442.1 (VINT_BPHC1 phage), NP_680502.1 (Lactobacillus phage A2),
VVL20124.1 (Vibrio phage), P08320.2 (VINT_BPP4), P27077.1 (VINT_BPP21), QBQ72150.1 (Serratia phage Parlo), CAL11869.1
(Yersinia enterocolitica phage). Phage integrase sequences of plasmid origin (Pl_) were pU0928 (E. coli), pU1284 (E. coli),
BAW89208.1 (E. coli), ABC42260.1 (E. coli), ASI37956.1 (E. coli), CAX66675.1 (Lactobacillus johnsonii), Q1S06527.1 (Arthrobacter
sp.), ABG11677.1 (Mycobacterium sp. MCS), ABV95733.1 (Dinoroseobacter shibae), CEK42513.1 (Pseudomonas fluorescen),
ADY68011.1 (Agrobacterium sp), AIW54703.1 (Clostridium botulinum), ACF28473.1 (Azospirillum baldaniorum), ABG65572.1
(Chelativorans sp. BNC1), ABA24901.1 (Trichormus variabilis). Phage integrases from pU0928 and pU1284 have a two amino

acid difference (P to L at position 228, V to F at position 232).
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Table 41. Phage Hits in pU0928, pU1223, and pU12284 via PHAST and PHASTER.

Isolate Identified Region Bases Score # ORFs Most Common Phage

pu0928 | PHASTER 1 6Kb 90 10 PHAGE_Escher_SH2026Stx1_NC_049919(3)
pu0928 | PHASTER 2 6.4Kb 10 10 PHAGE_Escher_503458_NC_049341(3)
puU0928 | PHASTER 3 6.5Kb 40 15 PHAGE_Escher_RCS47_NC_042128(2)
pu0928 | PHAST 1 8.1Kb 110 11 PHAGE_Stx2_c_ 1717 _NC_011357

puU0928 | PHAST 2 7.4Kb 50 12 PHAGE_Mycoba_Xeno_NC_031243

puU0928 | PHAST 3 12.2Kb 30 24 PHAGE_Gordon_Bowser_NC_030930
pu0928 | PHAST 4 29Kb 40 9 PHAGE_Salmon_SJ46_NC_031129

pU1223 | PHASTER 1 6.1Kb 90 10 PHAGE_Stx2_c_1717_NC_011357(3)

pU1223 | PHAST 1 10.1Kb 100 16 PHAGE_Stx2_c_1717_NC_011357

pU1223 | PHAST 2 7.7Kb 50 10 PHAGE_Burkho_KL3_NC_015266

pU1223 | PHAST 3 6.5Kb 100 12 PHAGE_Entero_BP_4795_NC_004813
pU1284 | PHASTER 1 4.4Kb 20 9 PHAGE_Stx2_c_Stx2a_WGPS9_NC_049923(2)
pU1284 | PHAST 1 36.7Kb 100 20 PHAGE_Erwini_vB_EamM_Caitlin_NC_031120

Note: Score of >90 is predicted to be an intact phage

The ORFs of these predicted phages were annotated with Prokka to assess if phage-like ORFs

were shared between pU0928 and pU1284. Four ORFs were shared in pu0928 PHAST 1 and

pU1284 PHAST 1, including two transposases, dihydrofolate reductase, and a phage-integrase (Table

41). The dihydrofolate reductase and phage-integrase ORFs were the same ones identified as shared by

the plasmids pU0928 and pU1284 (Table 36). The urinary E. coli plasmids previously identified to contain

this phage integrase and dihydrofolate reductase ORF (Table 39) were scanned for phage content via

PHASTER. Except for UMB3641, all urinary plasmids were predicted to contain at least one phage-like

sequence, with varying degrees of completeness (Table 42).
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Figure 23. Comparison of Phage Sequences Predicted in pU0928, pU1223, pU1284

pU0928 is predicted to have four phage-like sequences, pU1223 has three, and pU1284 has one. One phage-like sequence from pU0928
(pU0928_phaster_1) is very similar to a phage-like sequence in pU1223 (pU1223_phaster_1). The rest of the phage-like sequences are distinct in
all three plasmids. Black denotes 100% sequence homology and white is 0% sequence homology.

61T



120

>
Tra Sha Sha FPLP
Sha | Tra sha Tra | Sha
2.5|0EIk 3.0‘00!( 3.5‘00k 4.0‘00k 4.5‘60!{ 5.0IDOk 5.5‘00!( B.UIOEIk B.5IEI0k T.Ell][)k T.EEOk S.DE]DI( '
|
Hyp
€
>
PLP
Hyp |
‘ 1.0|DOk 1.5|0E|k 2.0‘!]0!( 2.5‘00!( S.OICOI( 3.5|0EIk 4.EIIODk 4.5‘60!( 5.0|E|0k 5.5‘[)Elk G.EIEIDk ﬂ.&bok T.OIEK]k '
| I
Hyp Hyp HYD
Hyp Hyp Hyp F‘LP
€
3
Hyp Hyp
e : e
S.OIEIGk 3.5‘00!( 4.0{]0!( 4.5(‘]0!( 5.0‘00!{ 5.5I0E|k S.OIDOK B.5IDOI( T.OIEIOk 7! 500!( 8. DODk 8. 500k
| | ‘ |
Pla Hyp Tra Hyp Coa
PLP Hyp Hyp Hyp H)‘D
€
| Lysis B rrotease B sttachment site M Hypotheical Protein Fiber Protein
M terminase M coat Protein M Integrase I Other  Plate Protein
M Portal Protein M Tail Shaft | Phage-like Protein Transposase M trRNA

Figure 24. Predicted Phage Maps for pU0928_phaster_1, pU0928_phaster_2,
puU0928 phaster_3.



121

Hyp Hyp

o | Hp |
11.|[I-Jk 11..ISC< 12.:3C< 12.{—}3k 13.!ZIC-< 12.{—}[:4 14.|E-Jk 14.{5C-< 15.IC-ZIk '

Tra HLD ‘ Hyp
Hyp Hyp
€
| Lysis M Protease M attachment site Hypotheical Protein Fiber Protein
B terminase M coat Protein Integrase I other Plate Protein
M Fortal Protein M Tail Shaft | Phage-like Protein Transposase M trRNA

Figure 25. Predicted Phage Maps for pU1223_phaster_1.

Tra Sha Sha PLP
Sha Tra Sha ‘ Tra
1 1 1

Sha
1

T T T T T T T T T T T T
500.0 1.000k 1.500k 2.000k 2.500k 2.000k 2.500k 4.000k 4.500k 5.000k 5.500k 6.000k

Hyp
€
0
| Lysis B rrotease B sttachment site W Hypotheical Protein Fiber Protein
M Terminase B coat Protein Integrase I other Flate Protein
M Fortal Protein M Tail shaft | Fhage-like Protein Transposase M trRNA

Figure 26. Predicted Phage Maps for pU1284_phaster_1.



Table 42. ORFs Shared in pU0928, pU1223, and pU1284.

pu0928

pu0928

pu0928

pu0928

pU1223

pU1223

pU1223

pU1284

Annotated ORF

Predicted function

phaster_1

phaster_2

phaster_3

phast_4

phaster_1

phast_2

phast_3

phast_1

Putative transposase InsK for insertion
sequence element 1S150

Transposase

Tyrosine recombinase XerC

Phage integrase

>pU1284_phast.prokka_CIILILIG_00032

Dihydrofolate

hypothetical protein reductase + +
>pU1284_phast.prokka_CIILILIG_00034
hypothetical protein Transposase + +

Note: The Phage integrase and dihydrofolate ORFs are the same ones identified to be shared by pU0928 and pU1284

[448



Table 43. Predicted Phage Sequences in Urinary E. coli Plasmids with Phage-Integrase.
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Isolate :sstge Igr:')up Phage # Bases Score (%) # ORFs Phage hit
UMB0906 | No IncFll 4.1Kb 10 6 | PHAGE_Entero_P1_NC_005856(4)
UMB0928 | No IncFl 9.1Kb 40 14 | PHAGE_Gordon_Hedwig_NC_031099(1)

6.1Kb 90 10 | PHAGE_Stx2_c_Stx2a_F451_NC_049924(3)
UMB0931 Greed IncFll 93.8Kb 70 121 PHAGE_Escher_RCS47_NC_042128(54)

6.6Kb 30 10 PHAGE_Stx2_c_Stx2a_WGPS9_NC_049923(2)
UMB0933 No IncFll 21.7Kb 40 23 PHAGE_Cronob_ENT39118_NC_019934(2)

6.4Kb 30 13 | PHAGE_Cronob_vB_CsaM_GAP32_NC_019401(1)

4.3Kb 50 8 | PHAGE_Escher_RCS47_NC_042128(2)
UMB0934 No IncFll 4.1Kb 20 7 PHAGE_Escher_RCS47_NC_042128(4)
UMBO0949 | No IncFll 9.9Kb 40 7 | PHAGE_Stx2_c_1717_NC_011357(3)

4Kb 60 7 | PHAGE_Stx2_c_1717_NC_011357(2)

4.9Kb 60 10 | PHAGE_Stx2_c_1717_NC_011357(3)
UMB1091 | No IncFll 6.1Kb 80 9 | PHAGE_Stx2_c_Stx2a_F451_NC_049924(3)

5.2Kb 50 7 | PHAGE_Salmon_SJ46_NC_031129(3)

3.9Kb 70 7 | PHAGE_Stx2_c_1717_NC_011357(3)
UMB1160 | Plvir IncFll 28Kb 30 9 | PHAGE_Salmon_SJ46_NC_031129(2)
UMB1193 | No IncFll 16.9Kb 30 10 | PHAGE_Entero_P1_NC_005856(2)

4.3Kb 50 8 | PHAGE_Escher_RCS47_NC_042128(2)
UMB1223 | No IncFll 4.1Kb 20 7 | PHAGE_Escher_RCS47_NC_042128(4)
UMB1229 | No IncFll 16.1Kb 30 10 | PHAGE_Escher_RCS47_NC_042128(1)
UMB1284 | No IncFll 7Kb 10 12 | PHAGE_Brucel_BiPBO1_NC_031264(2)
UMB1285 | No IncFll 7.6Kb 30 15 | PHAGE_Escher_RCS47_NC_042128(3)
UMB3641 | No IncFll
UMB5924 | Plvir IncFl 6.1Kb 90 10 | PHAGE_Escher_SH20265tx1_NC_049919(3)
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Table 44. Predicted Phage Sequences in Urinary E. coli Plasmids that Have the Phage-
Integrase.

UMB5978 No IncFl 1 | 6.1Kb 90 10 | PHAGE_Stx2_c_Stx2a_F451 NC_049924(3)

2 | 9.7kb 10 8 | PHAGE_Escher RCS47_NC_042128(3)
UMB6653 No IncFll 1 | 6.4Kb 30 12 | PHAGE_Pseudo_phiPSA1_NC_024365(1)

2 | 6.1Kb 80 9 | PHAGE_Stx2_c_Stx2a_F451 NC_049924(3)
UMB6721 No IncFll 1 | 6.4Kb 30 12 | PHAGE_Escher Lys12581Vzw_NC_049917(1)

Note: Score of >90 is an intact phage

E. coli Plasmids Share Similarities to K. pneumoniae Plasmids

To assess if urinary E. coli can share plasmid content with other urinary species, isolates from
clinically relevant urinary species had their whole genome sequence scanned for inc and rep genes.
Evidence of plasmid content was observed in E. faecalis, K. pneumoniae, S. epidermidis, and S.
aeruginosa (Table 44). Urinary K. pneumoniae plasmids had incF and col genes similar to those present
in urinary E. coli plasmids. The whole genome raw sequence reads of three urinary K. pneumoniae
isolates were assembled into plasmidic contigs via plasmidSPAdes and contigs were curated by checking
for plasmid homology via web BLAST. The plasmidic contigs from K. pneumoniae were scanned with
Prokka and web BLAST. K. pneumoniae plasmids were approximately 100k bp and had 30-50% of their
ORFs annotated with a function (Table 45). These plasmids had web BLAST hits to similarly large
plasmids in K. pneumoniae (Table 46). The plasmids were predicted to code for conjugation genes (i.e.,
tra genes) in addition to plasmid replication and virulence genes (Table 47). Plasmids from K.
pneumoniae UMB7783 and UMB8492 were predicted to have a phage-like sequences that could be

prophages (Table 48).



Table 45. Inc and Rep Proteins in Urinary Species Whole Genome Sequence.
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Species Clinical Isolates Plasmid signature genes identified
relevance analyzed by PlasmidFinder

Aerococcus urinae Pathogen 7 None

Corynebacterium Commensal 5 None

amycolatum

Enterococcus faecalis Pathogen 3 repUS43, rep9b

Gardnerella vaginalis Commensal 5 None

Klebsiella pneumoniae Pathogen 3 Col, IncFIB, IncFll

Lactobacillus gasseri Commensal 6 None

Lactobacillus jensenii Commensal 8 None

Staphylococcus epidermidis | Commensal 9 rep7a, repl0, repl5, rep20, rep22,

repUS23, rep39, repUS46, repUS76
Streptococcus anginosus Commensal 8 repUS43
Streptococcus mitis Commensal 8 None

Table 46. Annotation Summary for Urinary K. pneumoniae Plasmidic Assemblies.

Size (bp) ORF ORF
Isolate Species annotated hypothetical | % annotated
UMB7779 Klebsiella pneumoniae 96352 53 55 49.07
UMB7783 Klebsiella pneumoniae 99217 39 71 35.45
UMB8492 Klebsiella pneumoniae 102300 40 81 33.06
Table 47. Top Web BLAST Result for Urinary K. pneumoniae Plasmidic Assemblies.
Strain Taxonomy Size (bp) Plasmid hit Reference Query E Per. Ident | Accession
size (bp) | coverage value
UMB7783 | Klebsiella pneumoniae 96352 pAR_0096 100759 100% 0| 100.00% | cP027614.1
UMB8492 | Klebsiella pneumoniae 99217 pAR_0096 100759 100% 0 99.94% | CP027614.1
UMB7779 | Klebsiella pneumoniae 102300 pKpn3-1132 150325 80% 0 99.87% | CP040025.1




Table 48. Summary of Relevant Genes in Urinary Klebsiella Plasmidic Assemblies.
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Strain Taxonomy Inc/Rep hits | p|asmid transfer Plasmid replication Virulence
IncFII(K) traA, traM, tra_I_1, traT, corA, merA,
traD_1, finO_1, traN, merC, merP, merT,
fin0_2, tral_2, tras. clsA, imm
UMB7783 | Klebsiella pneumoniae traD_2 ssb (plasmid)
traD, traQ, traN, traC,
UMBB8492 | Klebsiella pneumoniae traV, traA, traM, finO ssb (plasmid)
IncFII(K) fhO, tral, traD, traQ, traT, imm
traN, traC, traV, traA,
UMB7779 | Klebsiella pneumoniae tray, tral, traM

Table 49. Phages Predicted in Urinary Klebsiella Plasmids.

Isolate Inc group Region
Phage # | Length | Score # ORF Most Common Phage
UMB7779 IncFlI(K) 0
UMB7783 IncFlI(K) 1| 27.2Kb 50 33 | PHAGE_Sodali_phiSG1_NC_007902(2)
UMB8492 1 | 21.5Kb 80 40 | PHAGE_Escher_RCS47_NC_042128(2)

Note: Score of >90 is an intact phage

The sequences of urinary E. coli plasmids were compared to plasmids predicted to be in urinary

K. pneumoniae. Plasmids from urinary K. pneumoniae clustered with plasmids in urinary E. coli UMB0939

(col), UMB1180 (col), UMB1228 (incX1), UMB4746 (IncFlIl) (Figure 27). As observed in a previous

analysis, urinary E. coli UMB0939 had a top web BLAST hit to a K. pneumoniae plasmid in the NCBI

database (Table 14). The other E. coli UMB isolates with K. pneumoniae web BLAST hits were UMB1193

(IncFll) and UMB1727 (IncFll), which do not cluster with the urinary K. pneumoniae included here but

rather the “red” cluster composed of urinary E. coli F plasmids (Figure 27).
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Figure 27. Comparison of Urinary E. coli Plasmids to Urinary K. pneumoniae Plasmids.

The plasmid sequence from urinary E. coli and K. pneumoniae was compared. Black denotes 100% sequence homology and white is 0% sequence homology.
Plasmids from urinary K. pneumoniae (KP_UMB7789, KP_UMB7783, KP_UMBB8493) clustered with plasmids in urinary E. coli UMB0939 (col), UMB1180 (col),
UMB1228 (incX1), UMB4746 (IncFll) (Figure 27). Urinary E. coli UMBs with K. pneumoniae web BLAST hits were UMB1193 (IncFll) and UMB1727 (IncFll), which
do not cluster with the urinary K. pneumoniae included here but rather the “red” cluster composed of urinary E. coli F plasmids.
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CHAPTER FOUR:
DISCUSSION
Phage, Plasmids, and Urinary E. coli
Like in other niches in the world, phage may be an important determinant of bacteria
population dynamics in the urinary tract**7>8>1% phage can interact with bacteria in a variety of ways,
from facilitating horizontal genetic exchange (e.g., transduction, lysogeny), disrupting populations (e.g.,
lysis), and protecting against other phage (e.g., superinfection immunity and exclusion)>%60.9.117.170
Phage interactions may differ not just between different host species, but even at the level of strains
within a species®®. Understanding the interactions of phage with its host depends on understanding the
genetic determinants of infection in both the phage and the host**8>!"!, My scanning for the presence of
24 anti-phage and phage receptor genes revealed variance of nine genes (rexB, imm, hok/shok, mazEF,
pemlK, and traT) in urinary E. coli compared to phage-susceptible laboratory E. coli (Figure 1, Table 9,
Figure 3). The presence of rexB and imm genes in urinary E. coli could indicate the presence of prophage
in the urinary E. coli genome, potentially integrated into the host chromosome or a plasmid, or
circularized as a plasmid-like entity!'®'’2, The genes hok/shok, mazEF, pemiK, and traT are all plasmid-
linked!3116125173 Kok /shok, mazEF, and pemlIK are TA modules involved in plasmid retention, while traT
blocks invasion by foreign plasmids. The absence of these plasmid-linked genes in phage-permissive E.
coli coupled with their presence in multiple urinary E. coli less susceptible to infection led to my
hypothesis that plasmids in urinary E. coli could reduce permissivity to phage.
Plasmids are mobile genetic elements that transmit and retain traits in bacterial

populations!*?174 F plasmids are an especially important plasmid type in E. coli, characterized by high
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host persistence, a heterogenous genetic composition, and prevalence of antibiotic resistance and
virulence genes!!313%142 There is evidence in vitro that plasmids can maintain and transmit genes that
antagonize phage infection!%®!1312> phage predation can drive the acquisition of plasmids, including
those with antibiotic resistance, in bacteria populations'®1%°, Plasmids were predicted to be present in
approximately 85% of urinary E. coli isolates in this study (n=57/67). Twenty-eight distinct plasmid inc
genes were present in these isolates; the plasmids were grouped as either IncF, Col, or Inc-various (Table
12). The most common Inc type was the IncF gene of the F plasmid group (68.65% of isolates) (Figure
5a). The overall sequence of these plasmidic assemblies was often homologous to plasmids in the NCBI
database, primarily those from E. coli, but also plasmids from Salmonella, Klebsiella, and Enterobacter
(Table 14). The widespread presence of plasmids in this set of urinary E. coli isolates may indicate that
plasmids are relevant to E. coli in the urinary tract'**’>, In this context, F plasmids are an especially
important type of plasmid due their ability to maintain and transmit antibiotic, virulence, and fitness
genes'3142175 plasmid replicons were assessed in the terms of phage permissivity, and urinary isolates
in the IncFll group were statistically more likely to not be permissive when compared to isolates with
plasmids from the other inc groups and to laboratory E. coli strains (Figure 5b). A key component of this
study was to experimentally assess urinary plasmids in the context of phage infection, the first step
consisting of profiling the genetic content in these urinary E. coli plasmids.
Genes in Urinary E. coli Plasmids

The function of ORFs from the urinary E. coli plasmid assemblies was predicted via sequence
homology. In total, only 24% of plasmid ORFs had a function predicted, while 76% had hypothetical
functions (Table 15). The IncF group had the most unique ORFs predicted (2060), but only 26.8% had a
function assigned, compared to 18.8% in the col group and 17.0% in the inc-various group (Table 15).
These results indicate that urinary E. coli plasmid gene content has much room for discovery, even in the

clinically relevant F plasmid.
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The F plasmids are of particular interest in terms of their potential for conjugation and
retention, given how widespread they were in the isolates in this and previous studies. The annotated
ORFs were reviewed for transfer genes, primarily tra genes, and for type IV secretion genes, which are
typically required for F plasmid conjugation (Figure 6, Figure 7, Table 16). The transfer genes traC, traD,
tral, tral, traM, traN, traQ, traR, traV, and traY were in more than half of F plasmid assemblies. In
contrast, the transfer genes traB, traG, tral, and traS were only in a minority of F plasmid assemblies. In
addition, Type IV secretion system genes were identified in 16 isolates. The gene fim, which blocks the
fertility/transfer of invading plasmids, was present in more than 80% of F plasmid assemblies. The
plasmid retention/addiction modules pemIK and ccdAB were found in approximately half of F plasmid
assemblies, with minor hits for other TA systems as well. Taken together, these data indicate that
urinary E. coli have prototypical mechanisms for conjugation and retention relative to what has been
reported in the literature!3142,

| reviewed the antibiotic resistance content for all urinary E. coli plasmid assemblies. The IncF
group had hits to all eight antibiotic resistances scanned (aminoglycoside, beta-lactam, macrolide,
sulfamethoxazole, tetracycline, trimethoprim, fluoroquinolone, and phenicol) (Table 17, Figure 8a). The
most common antibiotic resistance predicted in F plasmids was for beta-lactams, followed by
sulfamethoxazole and tetracycline. Col plasmids had hits only to beta-lactam resistance genes, while
plasmids from the Inc-various groups had no predicted hits. On average, IncF plasmids had more hits per
assembly than did col and inv-various plasmids (Figure 8b). With that said, the variance for hits in the
IncF plasmids was so high that statistical significance was not reached (Figure 8c). This can be explained
by the observation that some plasmids in the IncF group had zero antibiotic resistance hits, while other
plasmids carried multiple resistances, up to a maximum of all eight distinct antibiotic resistances (Figure
8c). However, when comparing multiple distinct antibiotic resistance hits, IncF plasmids skewed towards

multiple resistances, whereas Col and Inc-various plasmids are in the zero to one range. These data



131

agree with reports of F plasmids in the literature, which indicate that multiple antibiotic resistances are
common in these plasmids!*?17>,

Next, | reviewed virulence gene content for all urinary E. coli plasmid assembilies. Following the
antibiotic resistance pattern, F plasmids carried a wider breadth of distinct virulence genes and a larger
proportion of hits in their assemblies compared to the other plasmid groups (Figure 9). Thirty distinct
virulence genes were identified in all combined plasmid assemblies, with 29 distinct genes present in
IncF assemblies. The most common virulence genes were traT and senB, present in 66.7% and 45.6% of
plasmid assemblies, respectively. traT has been mentioned throughout this dissertation, involved both

107125 senB is

in blocking invasion by plasmids and antagonizing phage binding to membrane receptors
an entero-toxin present in F plasmids, linked to severe diarrhea after infection by both Shigella and
entero-invasive E. coli (EIEC)'’%'”7, The col plasmids are characterized by the presence of colicin-related
virulence genes'®°. However, one urinary col plasmid was predicted to carry traT and senB, which are
common to F plasmids; this could indicate genetic exchange between plasmids of different
incompatibility groups®?!. On average, IncF plasmids were predicted to carry more virulence gene hits
than col plasmids and inc-various plasmids. However, the large variance of hits in the plasmid groups
resulted in the lack of statistical difference. When assessing multiple distinct virulence genes in the
plasmids, IncF and col plasmids skew towards multiple hits. The distinction in multiple virulence hits
from IncF and col plasmids is that the former had a greater variety of distinct virulence genes, whereas
col plasmids had mostly colicin-related genes.

The Prokka ORF annotations were reviewed manually to identify miscellaneous gene functions.
Genes of interest were those predicted to be involved in plasmid replication, metal transport and
resistance, multidrug resistance genes, phage genes, and virulence regulators. The F plasmid group had

the highest count of distinct ORFs with known functions, likely due to including the largest number of

plasmids (Table 18). Urinary F plasmids having a high ORF count is in accordance with the literature’s



132

view that F plasmid code for heterogenous and diverse content!’®>, Overall, the gene profiling of the

urinary E. coli plasmids trends for the types of genes expected to be present in F and col plasmids as per
other studies. Beyond the genetic content annotated with a known function, a looming question is what
do all the hypothetical genes do, especially as genes of unknown function constitute most of the genetic
content. Even so, we could utilize the profiled genetic content to facilitate the transfer of these plasmids

into a control E. coli background to test their effect on phage infection.

Anti-phage Plasmids in Urinary E. coli

Experimentation of clinical bacteria isolates at the bench can be challenging due to the
unpredictable traits expressed by these untamed genomes. To facilitate testing of specific genetic
content, one can transfer this content to a control background, such as E. coli K-12%%1%4 Genetic data
from previous sections was used to identify plasmids that could be transferred to E. coli K-12, primarily
those that had potential for conjugation, as well as antibiotic resistance genes that could be used as
selection markers. | grew the urinary E. coli isolates on antibiotics commonly used at the bench as
selection markers and found growth on ampicillin and tetracycline to be the most common (Table 21,
Figure 11). Given the genetic tools available in our lab, | chose tetracycline as a selection marker for
bench experiments, and reviewed the plasmidic assemblies for urinary E. coli for both conjugation and
antibiotic resistance genes for tetracycline. Five urinary E. coli isolates (UMB0928, UMB1223, UMB1284,
UMB1091, UMB6721) met these criteria and generated E. coli K-12 transconjugants that could grow on
the appropriate selection markers (Table 22).

The most pertinent question to answer was whether E. coli K-12 carrying urinary plasmids
exhibit an altered phage permissivity phenotype. Two of the E. coli K-12 transconjugants (carrying
pU0928 and pU1284) exhibited a phage spot titration phenotype that indicated reduced permissivity to
infection (Figure 12). Tested on multiple constructs, | observed reduced permissivity to phage infection

only in pU0928 or pU1284 transconjugants, but not in pU1223, pU1091, or pU6721 transconjugants.
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Variation on the location of the E. coli K-12 selection marker (chromosome or vector), E. coli K-12 strain,
or variations on the E. coli K-12 gene deletions did not affect these results (Table 21-26). E. coi K-12
transconjugants of pU0928, pU1284, and pU1223 were infected with a range of phage concentrations
(MOI 0.0, 0.01, 10.0) and had their OD measured across time. The protective effect was more apparent
when E. coli K-12 pU0928 and pU1284 transconjugants were infected with P1vir or Lust, with infections
of MOI 0.01 and 10.0 displaying similar growth curve results (Figure 13-15). Greed infection of the E. coli
K-12 pU0928 or pU1284 transconjugants at an MOI of 10.0 was comparable to infection of the E. coli K-
12 control at an MOI of 0.01 despite the difference in phage concentration on infection differing by four
orders of magnitude.

While mechanisms underlying the anti-phage phenotype mediated by these plasmids has not
been elucidated, my results allow me to make multiple useful deductions. The protective effect of
pU0928 and pU1284 could be overcome at high concentration of phage during initial infection. This
indicates that the anti-phage mechanism is not that of complete immunity, as would be expected by
modification of the adsorption site of the phage’®!'°, The concentration-dependent effect may indicate
a stoichiometric relationship between the infecting phage particles and protective traits expressed by
the host. P1vir, Greed, and Lust are distinct lytic phages yet exhibited similar spot titration phenotypes
and growth characteristics when infecting K-12 carrying the two anti-phage plasmids, pU0928 and
pU1284. One thing to consider is the fact that there may be many distinct phage in the urinary tract;
therefore, the odds of pU0928 and pU1284 having defense mechanism specific to these three phages
are slim?%7>178 The decreased permissivity to infection could be explained by an anti-phage mechanism
that targets a conserved aspect of the lytic phage cycle®%%%117,

A limitation of the spot titration or growth curve assays is that they are relatively short term;
therefore, an unanswered question is how these plasmids maintain themselves in urinary isolates in the

long term (i.e., days to weeks). Even if anti-phage plasmids are protective, they may not be biologically
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relevant if they are easily lost!3. E. coli strains with pU0928, including the parent UMB0928, were
passaged for 10 days in the absence of selection for plasmid (i.e., no tetracycline in the growth media to
retain the plasmid). Even on the last day tested, all E. coli hosts carrying pU0928 were able to grow on
tetracycline plates to a similar extent as LB plates, indicating retention of the plasmid (Figure 16).
Review of the UMB0928 plasmid assemblies indicated presence the TA systems ccdAB and pemlIK, which
could explain the plasmid’s ability to persist!3124,

We can consider the implications of anti-phage plasmid acquisition by E. coli in terms of phage
interactions and broad urobiota dynamics. Unlike naive E. coli K-12, the pU0928 and pU1284
transconjugants can maintain a higher OD when exposed to phage (Figure 13-15). The plasmids can be
readily conjugated due to their innate transfer systems; given how common F plasmids were in all these
urinary isolates, we can infer that propagation of anti-phage gene content via plasmids is possible in the
urinary tract. Propagation of this content may occur at an expedited rate in the presence of phage
selective pressure, like the way in which antibiotic use can drive the dissemination and retention of R

123,179

plasmids in bacteria populations . pU0928 and pU1284 E. coli K-12 transconjugants could grow on
the same antibiotics as the urinary plasmid donor (compared to the parent E. coli K-12, which can only
grow on chloramphenicol), a phenotype that persisted even in the absence of selection (Table 27, Figure
16). The high stability of these plasmids and their anti-phage mechanism could be a factor underlying
the propagation and maintenance of F plasmids in urinary E. coli populations, including plasmid-linked
antibiotic and resistance genes!31%,
Sequence Analysis of Anti-phage Plasmids from Urinary E. coli

To profile the genetic content in the urinary plasmids conjugated in previous experiments

(pU0928, pU1223, pU1284, pU1091, pU6721), their genomes were extracted and sequenced. This

procedure was performed as both a plasmid extraction and a whole genome extraction. The plasmid

extraction was inconclusive for all isolates attempted, as there was no evidence of plasmid content after
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sequencing (likely due to technical issues). When the sequence raw reads from the whole genome
extraction were assembled into plasmidic assemblies, however, there was evidence of plasmid content
(Table 29-31). The plasmidic assemblies for pu0928, pU1223, and pU1284 had nucleotide sizes and inc
genes like those predicted in the urinary parent (Table 29-31). pU6721 was predicted to be 39,608 bp
and have an incX gene, which differed from the plasmid prediction in UMB6721 (250,312 bp and with
incFIB, col, incB/O/K/, incFll, and incX4). A plausible explanation for these results is that UMB6721 had
multiple plasmids and only the one with incX was transferred to E. coli K-12. The final plasmid, pU1091,
had a predicted size of 10,546 bp with no inc genes identified. However, the web BLAST hits for pU1091
were those of E. coli chromosomal sequence, supporting the conclusion that the extraction and
sequencing of UMB1091 did not yield plasmid sequences, likely due to technical limitations (Table 30).
The size, inc hits, and web BLAST results for pu0928, pU1223, and pU1284, however, support the
conclusion that these three are indeed F plasmids (Table 29-31). All three F plasmids have evidence of
multiple antibiotic resistances, including tetracycline resistance, which was used as a selection marker in
the conjugations. pU0928 is predicted to encode the virulence genes cia and senB, whereas pU1284 is
predicted to encode traT (Table 31). The curated plasmid assemblies for pU0928, pU1223, and pU1283
were used as a reference to map the raw sequence reads from whole genome sequencing. No major
gaps were observed in terms of coverage (Figure 17).

The curated assemblies for pU0928, pU1223, and pU1284 were annotated specifically to identify
ORFs responsible for the anti-phage phenotype (Table 32). In all three phages, approximately 40% of the
ORFs were assigned a function by the annotation software Prokka, indicating that most of the content in
these plasmids has not been elucidated. On reviewing the ORFs with a predicted function for pU0928,
there were no genes that stood out as anti-phage genes (Table 33). Of note is that anti-phage genes
traT, ccdAB and pemlk are predicted to be in the parent UMB0928 plasmid assembly but were absent in

pU0928. This could indicate that some of the plasmid content from UMB(0928 was not passed on to the
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E. coli K-12 recipient or that there were technical shortcomings in the extraction, sequencing, assembly,
or curation steps that filtered out these ORFs from pUQ0928. Potential anti-phage ORFs in pU1284 are
ccdAB, pemlK, and a type Il restriction enzyme (Table 34). Despite not having an anti-phage phenotype,
pU1223 also was predicted to code for ccdAB and pemlK (Table 35). pU0928 and pU1284 were
compared to the anti-phage ORFs scanned in Figure 1, with imm being present in pU0928 and traT in
pU1284. imm is often associated with T4 phage and the phage immunity protein Sp, but neither of these
were present in pU0928 or pU1284180.181,

All ORFs were reviewed to assess if any were present in both pU0928 and pU1284 (phage non-
permissive plasmids) and absent in pU1223 (phage permissive plasmid). There were 18 ORFs present in
all three plasmids, but only three ORFs were present in both pU0928 and pU1284 (Table 36). After
assessing their web BLAST hits and protein domains, the function of these three ORFs was respectively
predicted to be that of a phage integrase, dihydrofolate reductase, and a gene with an EAL/cyclic di-
GMP phosphodiesterase domain (Table 37, Figure 18-20). The first two predicted gene functions can be
linked to phage biology. Phage integrases are utilized by phage to integrate into the host genome82183,
Dihydrofolate reductase is a bacterial enzyme that can be replaced by a phage-encoded homolog during
infection, as finely regulated activity of this enzyme often is necessary for proper phage particle
assembly!®+185 The ORF with the with EAL/cyclic di-GMP phosphodiesterase domain is more enigmatic
and could be involved in signaling®®®.

These three ORFs are highly conserved when comparing their amino acid sequences from
pU0928 and pU1284, in contrast to the 14% overall homology of these two plasmids (Table 38). Given
that these genes could be common in other urinary E. coli isolates, all urinary E. coli plasmids were
scanned for the three ORFs. The phage integrase was present in 16 urinary E. coli plasmidic assemblies,
dihydrofolate reductase was present in 13, and the EAL domain containing ORF was in 10 (Table 39).

These three ORFs were co-present in nine of these urinary plasmids. All 16 isolates with these ORFs are
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predicted to be F plasmids, and the majority have no evidence of phage infection after phage spotting.
The nucleotide sequence of these plasmids was compared to assess if these plasmids were similar.
Overall, these plasmids are not alike, but rather they form multiple clusters (Figure 21). F plasmids are
known to be heterogenous in terms of content, yet these three ORFs are highly conserved (>90 query
coverage and sequence identity). If these ORFs are indeed involved in phage protection, potentially their
presence and conserved sequence indicates importance in terms of phage selection pressure.
Phage-like Genetic Content in Anti-phage Plasmids from Urinary E. coli

The phage integrase ORF may indicate the presence of prophage or phage-like sequences in
pU0928 or pU1284'82, A phylogenetic analysis was performed using the phage integrase sequence from
pU0928a and pU1284, in addition to phage integrases from bacterial genomes, plasmids, and phage.
The phage integrase from pU0928 clusters with phage integrases from plasmids, while the phage
integrase from pU1284 clusters with phage integrases from bacterial genomes (Figure 22). Given the
possibility of phage-like content in pU0928 and pU1284, their sequences were scanned via PHAST and
PHASTER. There were four phage-like sequences in pU0928 and one in pU1284 (Table 40, Figure 23).

The ORFs in these phage-like sequences were reviewed using PHASTER output and Prokka
annotation. The PHASTER plasmid maps indicate multiple predicted genes with phage-like but mostly
hypothetical functions, with varying degrees of phage homology completeness (i.e., how similar this
sequence is to that of a known phage) (Figure 24-26). pU0928 and pU1284 could either have functional
prophages or perhaps phage-like sequences that cannot be induced into a productive phage. A highlight
of the Prokka annotation is that the two of the three ORFs shared by phage-like sequences in pU0928
and pU1284 are the same phage integrase and dihydrofolate reductase identified in the previous
analysis (Table 39). When reassessing the urinary E. coli plasmids that have the phage integrase in their F
plasmid, all but one were predicted to have phage-like sequences (Table 42).

Given these data, a mechanism for the anti-phage phenotype could be linked to phage-like
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genes in pU0928 and pU1284. Prophage are known to provide superinfection immunity and exclusion,
which is further supported by the presence of the infection exclusion gene imm in pU0928°%117.181,
Despite the relatively simple explanation that phage protect urinary E. coli from other phage, most of
the content in these anti-phage plasmids and their phage-like sequences remain unknown. Furthermore,
if phage were responsible for the protective effect, this raises additional questions concerning the role
of plasmids in mobilizing and retaining phage-like content in urinary E. coli. Plasmids are exceptional in
their ability to mobilize genetic content horizontally and persist vertically, which could open new
avenues for phage “infection” in the urinary tract, even outside the strict host range of these
phages'**174,
Homology of E. coli Plasmids to Plasmids from Other Gram-Negative Species

There is evidence in the literature that E. coli can exchange plasmids with other species, which
could extend to the urinary tract'’38’, A total of 62 WGS from 10 urinary bacteria species were scanned
for inc and rep genes as to be compared to those in E. coli (Table 44). inc or rep genes were present in E.
faecalis, K. pneumoniae, S. epidermidis, and S. anginosus isolates. Three urinary K. pneumoniae isolates
had hits for col, incFIB, and incFll, which were similar to those in urinary E. coli. The plasmidic assemblies
from these Klebsiella isolates had homology to Klebsiella plasmids in the NCBI database and were
predicted to be approximately 100,000 bp (Table 45). Only 30-50% of the ORFs in these plasmids were
annotated with a function, which included the anti-phage traT and tra genes like those in E. coli (Table
47).

tra genes indicate the potential for plasmid conjugation within Klebsiella species and potentially
to other Gram-negative species'®. K. pneumoniae and E. coli have been noted in the literature to be
able to exchange plasmids, including those with antibiotic resistance®’. The urinary K. pneumoniae
plasmids clustered with urinary E. coli plasmids when their entire nucleotide sequence was compared

(Figure 27). The urinary E. coli plasmids that clustered with urinary K. pneumoniae were primarily



139

predicted to not be F plasmids. That stated, two F plasmid E. coli assemblies (UMB1193, UMB1727) had
web BLAST top hits to K. pneumoniae plasmids in the NCBI database (Table 46). The plasmidic
assemblies from UMB0928 and UMB3643 had homology to a plasmid from Salmonella and the plasmidic
assemblies from UMB1180 and UMB1360 had homology to a plasmid from Enterobacter (Table 14).

The plasmidic assemblies from urinary K. pneumonia were scanned for phage sequences, with
two of these predicted plasmids having a hit for a phage-like sequence (Table 48). If plasmid exchange
occurs between different urinary species, phage could be shuttled in plasmids and thus access bacteria
outside of their host range. Furthermore, non-E. coli species could act as reservoirs for anti-phage
content, as these species may not be lysed by coliphage.

Model for E. coli, Plasmid, and Phage Interactions in the Urinary Tract

We can use inferences from the results of this project and others in the E. coli literature to
propose a model for urinary E. coli, plasmid, and phage interactions. When an E. coli cell resident in the
urinary tract is exposed to coliphage, it can defend itself against infection by having anti-phage genes in
its chromosome, plasmids, or prophage (with the prophage circularized in the cytoplasm or integrated
into the host genome)”. An advantage of plasmids is that they are pliable, non-essential mobile genetic
elements that can be transmitted without fatally disrupting the host'’##, Chromosomal genes may
have limits on the content that can be mutated, while prophage may require lytic activation for rapid
propagation®1%4, Moreover, plasmids have replication and conjugation machinery, allowing them to be
efficiently transmitted vertically and horizontally?’*!8, Extrapolating from the data in this project, we
can estimate that plasmids are widespread in urinary E. coli (Figure 5a).

The acquisition of plasmids in bacterial populations by phage predation has been observed in
vitro but not studied in the context of the urobiome!%>1%119 We have provided evidence that urinary E.
coli plasmids can be transmitted to naive strains (Table 22). This project presents evidence to support

the hypothesis that urinary E. coli carrying an anti-phage plasmid may better survive exposure to lytic
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phage infection relative to a permissive isolate (Table 24-26, Figure 12-15). This phenotype was
observed even in the very phage-susceptible E. coli K-12. Given the mechanism of lytic infection, we can
propose a scenario that parallels the phage-plasmid dynamic to the manner in which antibiotic use
coupled with antibiotic resistance genes in plasmids may prime bacteria for survival*>*'’°, Furthermore,
just like antibiotic use, phage predation in the urinary tract may drive the transmission and persistence
of anti-phage plasmids®®’. F plasmids are the most common plasmid identified in this collection of
urinary E. coli, with antibiotic resistance and virulence genes frequent in the plasmid sequence*17>188,
K-12 that acquired pU0928 and pU1284 had the same multiple antibiotic resistances as the urinary
parent (Table 27). Even in the absence of selection during passaging for ten days, E. coli K-12 could still
grow on the antibiotic selection marker present on the F plasmid (Figure 16). A major issue in the clinical
setting is the increasing frequency of antibiotic resistance in bacteria®*?*132, Potentially, phage could be
a driver for the retention and spread of antibiotic resistance and virulence genes in the clinical setting.

At present there are multiple genes in this study’s urinary E. coli plasmids that can be considered
anti-phage genes. F plasmids were predicted to carry multiple TA systems, the phage-adsorption
blocking traT, multiple phage-like sequences, genes with homology to phage integrases and restriction
enzymes (Table 28). In addition, there were hundreds of ORFs with unknown functions that could be
anti-phage genes (Table 15). The anti-phage phenotype could be a polygenic trait, potentially a
redundant defense mechanism that is passed as a bolus on the urinary E. coli plasmid.

The final element to consider is that plasmid exchange may occur between E. coli and other
Gram-negative species in the urinary tract'®. The literature contains reports of E. coli exchanging
plasmids with species like Klebsiella and Shigella, propagating traits like antibiotic resistance4>19%19,
Multiple urinary E. coli plasmids have homology to the plasmids of Gram-negative species in the NCBI

database (Table 14). Analysis of three urinary K. pneumoniae species indicated presence of inc genes

similar to those in E. coli and with homology to urinary E. coli plasmids (Figure 39). Phage are often
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specific to a species or a strain; therefore, Klebsiella could serve as a reservoir for anti-phage content
where it is safe from coliphage predation.

Future Directions
Genes Involved in the Anti-phage Phenotype

Given that the anti-phage phenotype of pU0928 and pU1284 has been validated, the immediate
unanswered question centers on the anti-phage mechanism. The initial step to study the mechanism is
to identify the genes that result in the anti-phage phenotype. My work completed two major steps
towards this pursuit: 1) the genes that result in the anti-phage phenotype have been localized to a
discrete genetic element (i.e., a plasmid), and 2) the genetic content of interest is now in the genetically
amenable E. coli K-12103104,

This said, there are challenges to keep in mind in designing strategies to identify the anti-phage
mechanism. Most importantly, the anti-phage mechanism may be either a monogenic or polygenic
trait'®2. If monogenic, then if the correct ORF is expressed in a vector then we would expect the anti-
phage phenotype. It is more complicated for a polygenic phenotype, as all the necessary ORFs must be
expressed together. Furthermore, the ORFs could provide redundant mechanisms that decrease
permissivity to phage on a spectrum. One approach toward identifying the correct ORFs would be to
randomly mutagenize the E. coli K-12 transconjugants, then identify those that exhibit increased
permissivity to phage, and systematically narrow down the sites mutated. Another approach is to delete
or clone whole segments of the urinary plasmid, and see if these result in loss or gain of the anti-phage
phenotype, respectively.

The analysis of the ORFs in pU0928 and pU1284 indicated three shared ORFs, a phage integrase,
dihydrofolate reductase, and a gene with an EAL cyclic di-GMP phosphodiesterase domain. An

immediate step would be to express these ORFs in a vector and assess if they are enough to confer the
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anti-phage phenotype in E. coli K-12. Once the anti-phage genes are validated, the literature can be
reviewed for homologues that may have their mechanism of action reported.
Lifestyle of Phage that Infects E. coli Carrying Anti-phage Plasmid

A question relevant to the anti-phage phenotype in the urinary plasmids is how these affect the
infection of the lytic phage. In the absence of the protective effect, the phage P1vir will undergo the lytic
pathway of infection as it has been bioengineered to not lysogenize®. Given that lysis occurs if the
phage titer is high enough, the anti-phage plasmid does not appear to provide immunity to phage
infection (Figure 13-15). The primary question is what effect the anti-phage plasmid has on the lytic
kinetics of the phage. To address this question, a one-step phage growth curve could be performed at
decreasing MOI of Plvir to see if there is a threshold where evidence of lytic infection ceases'®3. Given
that one of the ORFs of interest in pU0928 and pU1284 is a phage integrase, a secondary hypothesis is
that the anti-phage plasmids could be forcing the phage into the lysogenic pathway. This can be tested
by exposing the transconjugants to P1vir, passaging surviving cells to dilute out phage, then attempting
to amplify P1vir DNA from the genome of the E. coli K-12 transconjugant.
Phage Predation as a Driver for the Acquisition of Plasmid-linked Traits

In vitro studies indicate that phage predation can drive the acquisition of plasmids in a bacteria
population!®119133 The anti-phage plasmids pU0928 and pU1284 are predicted to carry antibiotic
resistance and virulence genes. When E. coli K-12 acquired these plasmids, it was not only able to
maintain a high OD in the presence of phage, but it was able to grow on multiple antibiotics (Figure 13-
15, Table 27). A question to address is whether this phenomenon can be replicated in the context of
bacterial population dynamics.

An experiment that could test population dynamics between E. coli, its plasmids and its phage is
to compete naive E. coli K-12 and its transconjugant in the absence and presence of phage. If phage

drive plasmid acquisition, we expect the transconjugants to outcompete their plasmid-naive parent
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when exposed to phage and thus increase the frequency of the plasmid. This could be measured by
comparing the frequency of the selection marker in the two populations across time. The plasmid could
be extracted from the transconjugants to confirm the presence of antibiotic resistance and virulence
genes.

Alternatively, the transconjugants could outcompete their naive parent even in the absence of
phage. In contrast, the transconjugants may be at a disadvantage because plasmids are foreign genetic
elements and are assumed to carry a fitness cost. Yet plasmids can carry factors that increase fitness via
other means, such as additional metabolic or toxic genes. If this scenario occurs, it indicates additional
factors of interest in the urinary plasmids as it relates to E. coli fitness in the urinary tract.

Transmission of Anti-phage Plasmids to and from Other Gram-Negative Bacteria

The anti-phage plasmid pU0928 is predicted to possess four phage-like sequences, while
pU1284 has one predicted phage-like sequence. While these two plasmids only have approximately 14%
guery coverage when compared to each other and their phage-like regions are very distinct, they share
two highly conserved ORFs (phage integrase, dihydrofolate reductase) in their phage-like regions (Figure
23, Table 41). Furthermore, pU0928 carries imm, which is a gene present in the prophage T4, even
though there was no sequence homology to T4 in pU0928. The anti-phage phenotype conferred by
these plasmids could be explained by prophage or phage-like genes. This project presents predicted
phage maps for both plasmids; the sequence of these regions could be cloned in their entirety and
expressed in a vector to assess if they confer the anti-phage phenotype.

Outside of understanding the mechanism of these genes, a pertinent question is whether these
phage-like regions code for functional prophage. This can be tested by exposing the transconjugants to
stressful growth conditions (e.g., limited media, high or low pH, heat) to induce phage and then use
standard phage propagation techniques to increase the titer. Naive E. coli K-12 could be infected with

the phage lysate and the genetic sequence of the phage amplified via PCR. The phage permissivity of
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these E. coli K-12 would be tested to assess if the prophage is protective.

The presence of phage-like genetic content in plasmids present new ways to think about
bacteria, plasmids, and phage interactions in the urinary tract. Plasmid exchange between E. coli and
other Gram-negative species has been documented in the literature. This project has evidence of
plasmid homology between urinary E. coli and other Gram-negative species, particularly urinary K.
pneumoniae. A relevant question is if the anti-phage plasmids pU0928 and pU1284 can be transmitted
to and from urinary Klebsiella species. To test this, a conjugation assay could be attempted between E.
coli K-12 transconjugants and urinary Klebsiella species, particularly those predicted to not have a
plasmid-transfer blocking mechanism (e.g., fim, traT). To accomplish this, one could adapt the strategy
for E. coli conjugation outlined in this project, where bioinformatics is used to computationally screen a
multitude of urinary Klebsiella species for tra and selection marker genes (e.g., antibiotic resistance).

If transfer of pU0928 and pU1284 from E. coli to K. pneumoniae is successful, the next step
would be to attempt the transfer of pu0928 and pU1284 from Klebsiella to a naive E. coli K-12 strain,
thus closing the conjugation loop. Finally, Klebsiella with the urinary E. coli plasmid could be passaged
extensively to assess if the plasmid can be lost and thus establish Klebsiella as an anti-phage gene
reservoir.

Conclusion

To our knowledge, this is the first study of the plasmidome in a diverse set E. coli strains from
catheterized urine. Plasmids are important biological factors, both for urobiota dynamics and the clinical
setting'’>7%, Most of the urinary E. coli analyzed in this work were predicted to have a plasmid, most of
the F plasmid type. In accordance with F plasmids described in the literature, F plasmids in urinary E. coli
possess antibiotic resistance and virulence genes, which are found at a higher frequency than in other
urinary plasmids observed (col, inc-various)'**”>. F plasmids in urinary E. coli encode the tra and Type IV

secretion systems known to be involved in conjugation, in addition to multiple plasmid addiction TA
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modules!’*188 The gene content and stability of these plasmids could be relevant to E. coli’s role in
urinary health”.

Two urinary F plasmids were conjugated into E. coli K-12 and shown to subsequently decrease
permissivity to three lytic phages. These F plasmids were stable in the absence of selection and provided
multiple antibiotic resistances to the E. coli K-12 host. These anti-phage plasmids were sequenced and
their ORFs determined. Most of the ORFs in these plasmids are predicted to have hypothetical functions,
but anti-phage genes were identified: imm in pu0928 and traT, ccdAB, pemliK in pU1284107.124181 Three
OREFs are shared by the anti-phage plasmids pU0928 and pU1284; they are predicted to be a phage
integrase, dihydrofolate reductase, and an EAL cyclic di-GMP phosphodiesterase domain protein. The
first two ORFs can be linked to phage biology'®>84, These three ORFs are highly conserved in both
plasmids, despite pU0928 and pU1284 having low overall homology (14% cover query). The phage
integrase ORF is present in 16 urinary E. coli isolates (n=16/57, 28% of isolates); presence of
dihydrofolate reductase or the EAL domain-containing protein in these isolates always included the
phage integrase. All isolates with these ORFs are predicted to have an F plasmid and most of them have
no evidence of lytic infection when spotted with phage. In pU0928 and pU1284, both the phage-
integrase and dihydrofolate sequence localizes to phage-like regions in the plasmids. All but one of the
16 urinary E. coli that have the phage integrase gene are predicted to have phage-like regions. These
predicted phage-like sequences vary in completeness, indicating that they could potentially be intact
prophages or uninducible phage-like sequences.

Phage are known to integrate in plasmids and propagate through them, which coupled with
pU0928 and pU1284’s ability to decrease phage permissivity, could bring a new understanding to E. coli
dynamics in the urinary tract!®*1%, The final element to consider is that there is homology between
urinary E. coli plasmids and other Gram-negative species. Anti-phage content in prophage and its inter-

species exchange via plasmids may be another layer to consider in urinary dynamics and health!?’.
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In the immediate future, a direction to pursue is the elucidation of the anti-phage mechanism in
these plasmids and their impact on bacteria-phage dynamics. Identification of genes that can reduce
permissiveness could better help us understand why some strains of E. coli thrive in the urinary tract,
which is especially relevant for UTI?®”>, |dentification of genes that antagonize the lytic life cycle could
be employed to boost the defenses provided by commensal bacteria and probiotics'*®', Furthermore,
the findings in this project should be tested in the context of bacteria-phage population dynamics, to
assess if the presence of these anti-phage plasmids enriches specific genetic content (e.g., antibiotic
resistance). Phage predation could be a factor that selects for the acquisition of plasmids by urinary E.
coli reminiscent of the manner in which antibiotic use drives the acquisition and persistence of R
plasmids in bacteria populations'?. This bacteria-plasmid-phage model may not be limited to E. coli, and
phage could play an important role in driving the plasmid-related gene flow in other species of the

urobiome.
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Bash Scripts and Useful Commands

This section lists scripts and commands | commonly used for analyzes. These scripts should only
be used as a guide for commands, tools, and syntax to use. They should be updated accordingly as new
tools, parameters, and commands are released. If scripts are not working but no errors are found,

retype into a new text document (writing scripts in Windows sometimes introduces invisible characters).

Script to process genomes from raw sequencing reads to annotated ORFs
# Trim reads (Sickle)

#!/bin/Bash

for rlin *R1%;

do

r2=${r1/R1/R2}

singles=trimmedS${r1/R1/singles}

trimmed1=trimmedS$rl

trimmed2=trimmedsSr2;

/data/apps/sickle-master/sickle pe -f "Sr1" -r "Sr2" -t sanger -0 "Strimmed1" -p "Strimmed2" -s
"Ssingles";

done

# Assemble reads (plasmidSPAdes)

#!/bin/Bash

for filel in *trimmed*R1*fastq;

do

file2=${file1/R1/R2}

file3=5{file1/R1/singles}

out=5{file1%%.fastq}_output

/data/apps/SPAdes-3.12.0-Linux/bin/spades.py -k 55,77,99,127 -t 20 --only-assembler -1 $filel -2 Sfile2 -
s Sfile3 -o Sout;

done

# Copy and rename contig files with directory name, then move to main directory for downstream
manipulation (i.e. all contig files are originally named contig.fasta in the assembly directory)
#!/bin/Bash

for subdir in *;

do cp Ssubdir/contigs.fasta Ssubdir.fasta;

done;
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# Get rid of reads under 500 bp (bioawk)

#!/bin/Bash

for filel in *.fasta;do

file2=prune_S{file1%%.fasta}.fasta

/data/apps/bioawk/bioawk -c fastx 'length(Sseq) > 500 {print ">"Sname"\n"S$seq"\n+\n"Squal}' $filel >
Sfile2;

done

# Annotate contigs (Prokka)

#!/bin/Bash

for filel in *prune*.fasta;

do

out=S{file1%%.fasta}_prokka

/data/apps/prokka/bin/prokka --outdir Sout --prefix $filel --centre XXX -compliant Sfilel;
done

# Copy annotation summary of all assemblies
#!/bin/Bash

for subdir in *;

do cp Ssubdir/*.txt Ssubdir.txt;

done;

# Then rename the top header in the file with >'filename’
#!/bin/Bash

for filel in *txt;

do

file2=${file1%%.txt}.txt2

awk 'NR==1{$0=$0">"FILENAME}1' Sfilel > $file2;

done

# Concatenate all annotation summaries into single file
#!/bin/Bash

for file in *.txt2

do

cat *.txt2 >> annotation_summary;

rm *.txt

rm *.txt2

done;

# Move TSV files to directory
#!/bin/Bash
mkdir annotation

# Copy TSV files for all annotation
#!/bin/Bash

for subdir in *;

do cp Ssubdir/*.tsv Ssubdir.tsv;
done;
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mv *.tsv annotation/

# Copy faa files for all annotation
#!/bin/Bash

for subdirin *;

do cp Ssubdir/*.faa Ssubdir.faa;
done;

mv *.faa ORF/

Script to process raw sequencing reads into annotated plasmidic assembly
# Trim reads (Sickle)

#!/bin/Bash

for rlin *R1%;

do

r2=${r1/R1/R2}

singles=trimmedS${r1/R1/singles}

trimmed1=trimmedS$rl

trimmed2=trimmedSr2;

/data/apps/sickle-master/sickle pe -f "Sr1" -r "Sr2" -t sanger -0 "Strimmed1" -p "Strimmed2" -s
"Ssingles";

done

# Assemble reads (plasmidSPAdes)

#!/bin/Bash

for filel in *trimmed*R1*fastq;

do

file2=${file1/R1/R2}

file3=5{file1/R1/singles}

out=S{file1%%.fastq}_output

/data/apps/SPAdes-3.12.0-Linux/bin/plasmidspades.py -k 55,77,99,127 -t 20 --only-assembler -1 Sfile1 -
2 Sfile2 -s Sfile3 -o Sout;

done

# Copy and rename contig files with directory name, then move for downstream manipulation (i.e. all
contig files are originally named contig.fasta)

#!/bin/Bash

for subdir in *;

do cp Ssubdir/contigs.fasta Ssubdir.fasta;

done;

# Get rid of reads under 500 bp
#!/bin/Bash

for filel in *.fasta;

do
file2=prune_S{file1%%.fasta}.fasta
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/data/apps/bioawk/bioawk -c fastx 'length(Sseq) > 500 {print ">"Sname"\n"S$seq"\n+\n"Squal}' Sfilel >
Sfile2;
done

# Annotate contigs (Prokka)

#!/bin/Bash

for filel in *prune*.fasta;

do

out=5{file1%%.fasta} prokka

/data/apps/prokka/bin/prokka --outdir Sout --prefix $filel --centre XXX -compliant Sfilel;
done

# Copy annotation summary of all assemblies
#!/bin/Bash

for subdir in *;

do cp Ssubdir/*.txt Ssubdir.txt;

done;

# Then rename the top header in the file with >'filename’
#!/bin/Bash

for filel in *txt;

do

file2=${file1%%.txt}.txt2

awk 'NR==1{$0=$0">"FILENAME}1' Sfilel > S$file2;
done

# Concatenate all annotation summaries into single file
#!/bin/Bash

for file in *.txt2

do

cat *.txt2 >> annotation_summary;

rm *.txt

rm *.txt2

done;

# Move TSV files to directory
#!/bin/Bash
mkdir annotation

# Copy TSV files for all annotation
#!/bin/Bash

for subdir in *;

do cp Ssubdir/*.tsv Ssubdir.tsv;
done;

mv *.tsv annotation/

# Copy faa files for all annotation
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#!/bin/Bash

for subdirin *;

do cp Ssubdir/*.faa Ssubdir.faa;
done;

mv *.faa ORF/

# We will move to a new directory (cluster) to begin clustering our assemblies
#!/bin/Bash

mkdir cluster

#!/bin/Bash

mv *prune*.fasta cluster

#!/bin/Bash

cd cluster

# We want to generate single concatenated file with all assemblies for later clustering
# First we delete all the ">" within a file

#!/bin/Bash

for filel in *fasta;

do

sed -i '/7>/ s/>.* ]/ Sfilel;

done

# Then rename the top header in the file with >'filename’
#!/bin/Bash

for filel in *fasta;

do

file2=${file1%%.fasta}.txt

awk 'NR==1{$0=$0">"FILENAME}1' Sfilel > S$file2;

done

# Finally we create a single text document (asemblies) that has all assemblies as a single read each
#!/bin/Bash

for filel in *txt;

do

cat *.txt > assemblies;

done

#We remove extranous symbols from the assemblies file and remove the modified fasta files
#!/bin/Bash

sed -e '/A[*>]/s/[*ATGCatgc]/N/g' assemblies > assemblies_final

rm *fasta

cd cluster

Script to use Local BLAST on multiple databases
#!/bin/Bash
#We append the file name to each read and concatenate all reads
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for filel in *.fastq;

do

file2=${file1%%.fastq}.fasta

awk '/>/{sub(">","&"FILENAME"_");sub(/\.faa/,x)}1' $filel > $file2;
done

#We convert each assembly into a BLAST database

for filel in *.fasta;

do

file2=5{file1%%.fasta}.db

makeblastdb -in $filel -parse_seqids -out $file2 -title "Sfile2" -dbtype nucl;
done

#We can now blast our queries into each database and output in a tabular format

for filel in *.fasta;

do

database=S${file1%%.fasta}.db

tblastn -db "Sdatabase" -query query.fa -out "Sdatabase".csv -outfmt "6 gseqid sseqid pident gcovs
evalue"

done

Script to Local BLAST multiple databases for only the top hit per query
#!/bin/Bash

#We append the file name to each read and concatenate all reads

for filel in *.fastq;

do

file2=5{file1%%.fastq}.fasta

awk '/>/{sub(">","&"FILENAME"_");sub(/\.faa/,x)}1' $filel > $file2;
done

#We convert each assembly into a BLAST database

for filel in *.fasta;

do

file2=5{file1%%.fasta}.db

makeblastdb -in S$filel -parse_seqids -out Sfile2 -title "Sfile2" -dbtype nucl;
done

#We can now blast our queries into each database and output in a tabular format

for filel in *.fasta;

do

database=5{file1%%.fasta}.db

tblastn -db "Sdatabase" -query query.fa -out "Sdatabase".csv -outfmt "6 gseqid sseqid pident gcovs
evalue" -max_target_seqs 1

done

Scripts to cluster amino acid sequences with UCLUST

#!/bin/Bash



mkdir cluster

#Then we copy the .faa files from the Prokka directories to the cluster subdirectory
#!/bin/Bash

for subdir in *;

do cp Ssubdir/*.faa Ssubdir.faa;

done;

mv *.faa cluster

cd cluster;

#!/bin/Bash

#We append the file name to each read and concatenate all reads
for filel in *.faa;

do

file2=5{file1%%.faa}.fasta

awk '/>/{sub(">","&"FILENAME"_");sub(/\.faa/,x)}1' $filel > Sfile2;

cat *.fasta > reads.fasta;
done

#We sort reads by lenght

#!/bin/Bash

/home/cesar/apps/bbmap/sortbyname.sh in=reads.fasta out=sorted.fasta length descending
rm sorted.fasta

/home/cesar/apps/bbmap/sortbyname.sh in=reads.fasta out=sorted.fasta length descending -
ignorejunk

#Then we copy the .faa files from the Prokka directories to the cluster subdirectory

#We cluster the reads
mkdir cluster_dir

#!/bin/Bash
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/home/cesar/apps/usearch11.0.667_i86linux32 -cluster_fast sorted.fasta -id 0.8 -clusters cluster_dir/c_;

#We process the cluster files for ease of use
#!/bin/Bash

for filel in cluster_dir/*;

do

mv "Sfile1" "Sfilel.txt";

done;

for filel in cluster_dir/*.txt

do

mv "Sfile1l" cluster_dir/"S(head -1 "Sfile1").fasta";
done;

#!/bin/Bash
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#Clean up extra files and file names
cd cluster_dir

rm *.txt;

done;

Script to compare multiple nucleotide assemblies via sourmash
#!/bin/Bash

#Hactivate sourmash. If this doesn't work, run this step manually
conda activate smash

#make a directory to place the sig files
mkdir sigs

#convert each assembly into a sig file

for filel in *.fa; do

file2=5{file1%%.fa}.sig

sourmash compute --scaled 1000 -k 31 $filel -o sigs/Sfile2;
done

#index all sig files into one file
sourmash index -k 31 assemblydb sigs/*.sig

#search your reference in your index
sourmash search reference.sig assemblydb.sbt.json -n 20

#compare all sigs to one another
sourmash compare sigs/* -o assembly_cmp

#make a tree and heatmap of your comparison
sourmash plot --pdf --labels assembly_cmp

done

This script changes file extensions

#!/bin/Bash

#First we want to convert each assembly into a BLAST database
#Convert *.fasta file into a BLAST database

#!/bin/Bash

for fin *.fasta; do

mv -- "$f" "${f%.fasta}.fa";

done

This script appends the file name to each read in a FASTA file
#!/bin/Bash

#We append the file name to each read and concatenate all reads
for filel in *.faa;

do

file2=${file1%%.faa}.fasta
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awk '/>/{sub(">","&"FILENAME" ");sub(/\.faa/,x)}1' Sfilel > Sfile2;
done

This script changes a multi-read FASTA file into a single-read file and concatenates multiple files into a
one

# We want to generate single concatenated file with all assemblies for later clustering

#Each assembly will be represented as a single read

# First we delete all the ">" within a file

#!/bin/Bash

for filel in *fasta;

do

sed -i '/A>/ s/>.* /)" Sfiled;

done

# Then rename the top header in the file with >'filename’
#!/bin/Bash

for filel in *fasta;

do

file2=${file1%%.fasta}.txt

awk 'NR==1{$0=50">"FILENAME}1' Sfilel > Sfile2;

done

# Finally we create a single text document (asemblies) that has all assemblies as a single read each
#!/bin/Bash

for filel in *txt;

do

cat *.txt > assemblies;

done

#the 'assemblies’ file has all assemblies as a single read each

This script moves files with an extension

#Use this to bin output from a pipeline (e.g., .faa or .tsv files)
# Move TSV files to directory

#!/bin/Bash

mkdir faa

# Copy TSV files for all annotation
#!/bin/Bash

for subdir in *;

do cp Ssubdir/*.faa Ssubdir.faa;
done;

mv *.faa faa/
This script removes strings from file names

#this removes words from the file name
for fin *.fasta; do



mv -- "$f" "${f/_R1_output/}"
done

This script renames and removes portions of file names
#we want to get rid of “single_" in the file names
#!/bin/Bash
makedir renamed
for fin *.fastq; do

mv -- "$f" renamed/"${f/single_/}"
done

This script removes characters from file names
#Replace 000 with characters to remove
#!/bin/Bash
foriin *000.tga
do

mv "Si" "“echo Si | sed 's/000//""
done

These commands deletes strings within a file
#!/bin/Bash

#This command deletes a string inside a file
#single word

sed -i -e 's/goodbye//g' filename

#multiple words
sed -i -e 's/\(goodbye\ | hello\ | test\|download\)//g' filename

#everything before space
sed-i-e's/[M]* /] *.txt

#single word in multiple files
sed -i 's/.fasta//g' *.txt

This command lists the headers of all files with a given extension
#!/bin/Bash

grep -e ">" * fasta;

sort -u *.fasta

done

This command splits reads in a single FASTA file into individual files
awk -F "|" '/~>/ {close(F) ; F = $1".fasta"} {print >> F}' yourfile.fa

This command removes repeated strings in a file

#use this to remove repeated names on a gene list
#!/bin/Bash

awk 'lseen[S0]++' plasmid_ref.txt > plasmid_ref_list.txt;
done
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