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Chapter 1: Introduction 
Portions of this chapter have been adapted from: 

Novel technologies for the diagnosis of urinary tract infections © 2025 by Tomas Bermudez, 

Jonathan E. Schmitz, Malcolm Boswell, Romney Humphries is licensed under CC BY 4.0   

 

1.1 Overview 

 Microbes and human hosts have co-existed together for as long as we have proof of human life1. 

Yet, we still know little about the host- and microbial mechanisms that enable symbiosis. Moreover, for 

some microbial species, there can be a switch between commensalism and pathogenicity that can lead 

to persistent and recurrent infections. One such example is the species Escherichia coli, discovered by 

Theodore Escherich in 18862, and serving as a model microorganism since its discovery. E. coli is 

genomically diverse, with 8 phylogenetic clades, and a pangenome of >40,000 gene families3–5. Humans 

are colonized with E. coli early in life6 with phylogroups A, B1, B2 and D being dominant colonizers7. 

While members of the E clade encode bona fide toxins and virulence factors and cause transient gastro-

intestinal infections, members of the B2 and D clades can persist in the host for years and can emerge 

from the gut to cause E. coli extra-intestinal infections, including urinary tract infections (UTI)8, neonatal 

meningitis9, or infectious still births10. Together, more than 400 million infections and 267,000 deaths are 

attributed to UTI globally each year11, while US healthcare expenditures amount to $6 billion annually 

due to associated treatment costs, hospitalizations and further complications12. Yet, we still have little 

understanding of the dynamics of these extra-intestinal pathogenic E. coli (ExPEC) as they transit from 

a seemingly commensal lifestyle in the gut that goes unnoticed by its host13, to a pathogenic cycle in the 

bladder. Moreover, not much is known regarding inter-strain interactions of different E. coli strains in the 

gut. On average, individuals maintain a transient average of 3.5 genotypes of E. coli in their 

gastrointestinal tract at any given time14. Is there a “founder” effect that dictates which strain of E. coli will 

predominate? And does the route of colonization matter? For example, do all E. coli colonize the host 

through the oropharyngeal route, through the food chain, or do some ecologically over-take the resident 
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E. coli commensals following introduction through the genitourinary tract? Chapter 2 of my thesis will 

uncover part of these dynamics using uropathogenic E. coli (UPEC), the primary cause of UTIs, as a 

model ExPEC.  

The focus of the work I present in this thesis examines UPEC as an opportunistic pathogen that 

causes symptomatic infection in the urinary tract but acts as a commensal in the gut. Several studies in 

humans have revealed that patients with recurrent UTI (rUTI) often harbor stable populations of the UPEC 

strain that caused their rUTI in their gut15–17. This duality poses challenges for infection control and 

prevention, as targeting UPEC in the gut while they are not causing active infection would likely also 

disrupt the broader microbiome. Moreover, the genetic programs employed by UPEC in the gut versus 

the urinary tract may be different. This is exemplified by studies in which antibiotic treatment eradicates 

UPEC from the bladder, but leaves the clonal UPEC population in the gut, intact15. These past studies 

indicate that to precisely target UPEC in the gut, one must gain knowledge of the fitness factors that 

enable gut colonization by this pathogen. My results discussed in Chapter 2 of this thesis, point to a 

possible “priming” of UPEC in the genitourinary tract that may enhance gut colonization following a UTI.  

UTIs, as I will discuss in more detail below, are primarily treated with antibiotics18. Yet studies 

following rUTI patients indicate that antibiotic treatment is inadequate in eliminating UPEC from the host. 

Exposure to antibiotics leads to a selective pressure that favors antibiotic resistant bacteria, whether 

through random mutation of the drug targets19, alteration of drug import or export20, or acquisition of drug-

modifying enzymes through horizontal gene transfer21. While resistance may provide survival advantages 

in antibiotic-rich settings, it can also result in fitness costs that reduce pathogenicity or competitiveness 

in other niches, particularly under stress conditions22. These dynamics have profound implications for 

treatment strategies. The rise of antibiotic resistance among clinical isolates highlights the need to better 

understand the subsequent effects on pathogenesis, particularly towards antibiotics expected to be used 

more often in the coming years. Such studies would improve selection of antibiotics to avoid treatment 

failure, thereby improving the quality of life of UTI patients. In Chapters 3 and 4 of this thesis, I discuss 
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mutational routes to fosfomycin resistance (FosR) in UPEC in context of in vivo models of infection. 

Fosfomycin, a broad-spectrum antibiotic, has recently gained popularity in American clinics as a reliable 

treatment option for multidrug-resistant UTIs, but the mechanisms by which UPEC acquires resistance 

remain understudied. Defining routes to resistance in fosfomycin and other antibiotics is crucial for 

informing therapeutic strategies and mitigating the spread of resistant strains. In Chapters 5 and 6 I 

describe work to understand the mechanism that regulates import of fosfomycin in UPEC and discuss 

the overall implications of my work, as well as future directions for the research.  

1.2 Urinary Tract Infection 

Diagnosis 

 Traditionally, a UTI is defined by clinical symptoms such as urinary frequency, urgency, pelvic or 

lower abdominal pain, pyuria or urinary incontinence – often in combination with identification of an 

offending pathogen via urine culture23. This symptom-based approach to UTIs can lack sensitivity or 

specificity in certain populations, including the very young and elderly, or individuals with urologic or 

neurologic abnormalities, who are chronically catheterized. For these patients, signs and symptoms can 

be ambiguous24.  

Urine cultures are a semi-quantitative method performed by most medical laboratories25. For 

voided specimens, 1 µL of urine is plated onto a non-selective and Gram-negative-selective media which 

are incubated aerobically for a minimum of 12-18 hours, leading to growth of non-fastidious aerobes and 

facultative anaerobes. Catheterized, cystoscopic and aspirated suprapubic collections may be inoculated 

with 10 µl of specimen and plates held for up to 48 hours26. The inoculation volume defines the lower limit 

of detection: 1,000 CFU/mL for 1 µL, 100 CFU/mL for 10 µL. Further, the 1μl-10μl inoculum helps reduce 

potential co-isolation of periurethral contaminants, which rarely exceed 1,000 CFU/mL under proper 

clean-catch conditions27. Plates are observed for the quantity and purity of microbial growth, which are 

both summarized in the reported result. Higher-abundance growth is more strongly associated with 

clinical significance, while multiple colony morphotypes (typically ≥3) is considered evidence of 
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periurethral contaminant. At the same time, the latter phenomenon must be weighed alongside the 

possibility of polymicrobial UTIs in at-risk patients28. 

During urine culture, a measurement of 105 CFU/mL bacteria in a patient’s urine constitutes an 

arbitrary dividing line between clinically insignificant and significant bacteriuria. This cutoff, which has 

been arbitrarily set, since the 1950’s29,30, is largely based on 1) the assumption that a healthy bladder 

environment is sterile and 2) significant contamination may be introduced into the specimen during 

collection, so low levels of bacteria should be discarded. The 105 CFU/mL threshold was first defined 

because contaminants were observed to rarely exceed 1,000 CFU/mL during traditional culture27. 

However, in recent years, the budding field of urobiome analysis has demonstrated that even healthy 

individuals display diverse populations of bacterial genera, seen through 16s profiling and expanded 

urine culture techniques31–33. From a microbial perspective, each uropathogenic species may carry its 

own infection dynamics, such that employing universal thresholds across all species to define infection 

(e.g., ≥ 105 CFU/mL) is likely an oversimplification34,35. Some patients may experience symptomatic 

infections with bacterial counts as low as 102 CFU/mL36. Not only are these levels below the limit of 

detection of a standard 1-µl inoculum, but they overlap with potential levels of contamination. 

Unfortunately, in deciphering low-level pathogens from prominent contaminants, a laboratory cannot 

directly control for the variable quality of specimen collection, and a traditional culture cannot differentiate 

the active pathological process of a UTI from colonization or asymptomatic bacteriuria. 

Epidemiology 

 More than 400 million infections and 267,000 deaths are attributed to UTI globally each year, 

making them one of the most common drivers of antimicrobial usage37. UTIs disproportionately affect 

women, amounting to more than 80% of total cases38–40. These trends have been attributed to the shorter 

urethral distance in females that separates the bladder from the exterior41. Hormonal factors and the 

resident vaginal microbiome have also been associated with the increased incidence of UTI in women42.  



5 
 

UTIs are characterized according to several schema and terminologies, which are relevant to their 

diagnostic work-up43,44. Anatomically, lower UTIs are confined to the bladder (cystitis) and/or urethra, 

while upper UTIs involve ascension to the kidneys (pyelonephritis)45. The latter are more commonly 

associated with both bacteremia (a condition defined microbiologically) and urosepsis (defined 

clinicopathologically), although they may occur with cystitis alone46. UTIs may be further defined 

according to patient risk factors. Uncomplicated UTI (uUTI) affects non-pregnant, immunocompetent 

females without structural/functional urinary tract abnormalities or other predisposing conditions47. 

Notably, an explicit microbiologic diagnosis (i.e. urine culture) is not necessarily indicated for routine 

cases of uncomplicated cystitis, as empiric antimicrobial therapy is often appropriate23. A complicated 

UTI (cUTI) is an umbrella term for infections arising in the context of risk factor(s) listed above for uUTI. 

Traditionally, a UTI in a male is inherently considered complicated, although this generalization is 

controversial48. In terms of temporal dynamics, multiple episodes of symptomatic infection (two within six 

months or three within one year) with intervening periods of clinical resolution are recurrent UTIs (rUTI)49. 

These may represent persistent infections by the same offending organism or reinfection by a different 

species/strain. Likewise, the term chronic UTI is applied loosely to either recurrent or unresolving 

infections. Finally, the concept of asymptomatic bacteriuria (ASB) refers to recovery of a potential 

uropathogen at high burden (>105 CFU/mL) in the absence of symptomatology29,50. Complications 

following traditional diagnostic guidelines can also be expected in cases of elderly patients or others that 

may display cognitive impairment or delirium. These patients cannot effectively communicate 

symptomology with their healthcare providers. These differences have also led to recommendations in 

changing current diagnostic guidelines from the current conceptual model of “UTI or ASB”, to a more 

nuanced spectrum of clinical presentations that better represents the diversity of urinary indicators of 

disease50.  

UTIs are opportunistic infections, whereby pathogens ascend from colonizing niches (the gut, 

perinium, and/or vagina) into the urinary tract. Escherichia coli is the most common agent of UTIs, causing 
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65-75% of infections overall51. Beyond E. coli, the taxonomic landscape of UTIs is incredibly diverse (14-

16). For uncomplicated infections, Staphylococcus saprophyticus and Klebsiella pneumoniae are also 

commonly observed52,53. In the setting of cUTIs, when host comorbidities present added opportunities for 

infection, a broad array of bacteria are observed including Pseudomonas aeruginosa54, other 

Enterobacterales (Proteus55, Serratia and Enterobacter spp.56), and Enterococcus spp.57. For some 

microorganisms, the diagnostic significance in urine is not always clear and may be context dependent, 

including Staphylococcus aureus and Candida spp.58,59. The diagnostic status quo is likewise complicated 

by several rare, but well established, uropathogens with more fastidious growth characteristics, and a 

growing list of species whose status as commensal-versus-pathogen is not always clear. 

1.3 Knowns and Unknowns in Recurrence Mechanisms 

UPEC Pathogenesis 

As the primary uropathogen, the stages of UPEC pathogenesis in the bladder have been 

extensively studied57. Within the bladder UPEC adhere and subsequently invade the superficial epithelial 

cell layer in a type 1 pilus – dependent manner60. Initially UPEC will be internalized within an intracellular 

vesicle, from which it escapes into the cytoplasm61. In some strains that code for the phospholipase PldA, 

this enzyme has been shown to aid the process of vesicle disruption62. In the cytoplasm UPEC undergoes 

a rapid series of cell division cycles forming an intracellular bacterial community (IBC)63. The intracellular 

environment protects UPEC from the host immune response, although some epithelial cells may undergo 

cell death to rid the host of the bacteria64. Host cell death is antagonized by UPEC via the indirect 

stabilization of Hypoxia-inducible factor 1 (HIF-1)65. In IBCs that successfully mature, UPEC undergoes 

filamentation that leads to host cell perforation and subsequent dissemination of UPEC to uninfected host 

cells66. Bladder epithelial cell disruption increases as the infection progresses, exposing the intermediate- 

and basal cell layers of the bladder to the invading pathogen and leading to the formation of Quiescent 

Intracellular Reservoirs (QIRs) which have been associated with recurrent infection67. Bacteria within 

QIRs are thought to be metabolically inactive, but have been shown to precipitate recurrence in murine 
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models of urothelial regeneration68. While the pathogenic cascade of UPEC is well characterized in the 

bladder, significant gaps remain: UPEC strains are thought to originate in the gut, given that there are 

UPEC reservoirs detected in women with rUTI15,69. Is this true? How does a UPEC strain colonize the gut 

in the first place? What are the dynamics of UPEC exchange between the genitourinary and 

gastrointestinal tracts? Answering these questions would increase our understanding of the mechanisms 

of recurrence.  

Alternative Host Reservoirs  

UPEC strains have been shown to reside asymptomatically within the gastrointestinal tract13. 

When UPEC gut populations are stable or undergo a bloom in relative abundance, the likelihood of 

migration to the host urinary tract is increased, in which symptomatic infection can occur(Fig. 1 and 17,70). 

Concerningly, while antibiotics can clear UPEC from the urinary tract, studies have shown that the same 

antibiotic treatment is not always effective at eliminating the gut reservoir16.  

As a species, E. coli is found in more than 90% of human gut microbiomes71, colonizing primarily 

the caecum and colon72. In this niche, E. coli coexists in a complex and dynamic ecosystem made up of 

trillions of microorganisms, and hundreds of species with complementary or adversary behaviors. In 

general, a healthy gut comprises primarily of obligate anaerobes73. Studies with commensal E. coli in 

murine models74 have suggested that, as a facultative anaerobe, E. coli contributes to the anaerobic 

environment by depleting the available oxygen through aerobic respiration, thereby promoting 

colonization by obligate anaerobes like Bacteroides and Bifidobacterium spp.75. In these murine models 

of gut colonization using commensal E. coli, studies have shown that E. coli primarily acquires nutrients 

through dietary fiber, mucosal polysaccharides, and shed epithelial cells76. Not being able to directly use 

complex polysaccharides of the mucosa due to the lack of appropriate enzymes, E. coli depends on other 

members of the intestinal community such as Bacteroides thetaiotaomicron to hydrolyze complex 

polysaccharides to mono- and disaccharides76. Whether this is the case for UPEC strains occupying the 
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gut of human hosts remains unknown. What is known is that in the bladder, UPEC relies on amino acid 

import and utilization and that mutants in glycolysis do not show evidence of virulence attenuation77,78. 

E. coli strain diversity within an individual host gut is heavily influenced by the environment. 

Current thought, based on historic human gut studies, supports that there are resident E. coli strains, 

which stably colonize the host and make up a majority of the total E. coli gut population, and transient 

strains that colonize for short stretches of time79,80. Unlike stable residents, transient strains exploit 

ecological disturbances, such as antibiotic treatments or dietary shifts, to establish themselves 

temporarily. One such example is enterohemorrhagic E. coli (EHEC), which causes gastro-intestinal 

infection and does not persist in the gut long-term. However, UPEC strains, which cause extra-intestinal 

infections can be both transient or resident 81–83. Studies have shown that sharing of E. coli strains is a 

frequent occurrence between members of the same household80. In some instances, not only is the 

sharing of E. coli lineages common, but strains causing urinary tract infections within one member of the 

household have been detected as stable residents within the gut of other household members84.  

 In addition to being part of the gut microbiome, studies have shown that UPEC can also persist 

in the vaginal microbiome (Fig. 1 and 85). However, unlike in the gut, the presence of UPEC in the vaginal 

ecosystem is linked to detriments such as decreased colonization of beneficial species like 

Lactobacillus86. Increases in vaginal microbiome diversity or overall biomass following UPEC colonization 

has been associated with vaginal dysbiosis and a higher risk of UTI87. Indeed, our lab has demonstrated 

that this vaginal reservoir can precipitate infection in a murine model of vaginal colonization88. In this 

thesis, I present data to show that UPEC exiting the gut can likewise colonize the vaginal space, 

especially after antibiotic treatment (Chapter 2).  
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Figure 1 UPEC transits from multiple host habitats 
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1.4 UPEC evolution in the host  

E. coli is one of the first species to colonize the gut of infants following both vaginal and cesarean 

delivery6,89. At any given time an individual harbors an average of 3.5 to 5 genotypes of E. coli in their 

gut14,90. As mentioned above, while some strains are transient, others can stably colonize the gut for 

substantial stretches of time. Studies have shown that to maintain this level of intra-strain diversity, distinct 

lineages of E. coli within a single gut maintain respective metabolic preferences, avoiding direct 

competition with one another76. This balance can actively inhibit the colonization of newly introduced 

strains. For example, a study by Leatham et al. demonstrated that mice pre-colonized with either K12 E. 

coli MG1655 (A clade) or E. coli HS (A clade) did not inhibit subsequent enterohemorrhagic E. coli strain 

EDL933 (E clade) expansion in the mouse gut. However, mice pre-colonized with E. coli Nissle 1917 (B2 

clade) decreased the ability for EDL933 to subsequently colonize the mouse intestine91. This was later 

attributed to the utilization of D-mannose by Nissle 1917 to colonize the mouse intestine, one of EDL933’s 

preferred nutrients during intestinal colonization and a sugar not used by the MG1655 and HS E. coli 

strains92. Pre-colonization with all three commensal strains together, establishing a wider breadth of 

nutrient competition, completely eliminated the ability for EDL933 to colonize91. It should be noted that 

these observations of beneficial cross-strain colonization resistance do not carry over to all pathogenic 

E. coli strains or phylogroups. In a follow-up study, the same combination of MG1655, HS and Nissle 

1917 strains were unable to block UPEC strain CFT073 (B2 clade) from colonizing the mouse gut. This 

inability was similarly attributed to niche nutritional competition rather than differential localization of the 

strains within the sections of the mouse intestine93. Such findings underscore both the extensive diversity 

of E. coli, as well as the complexity of intra-species interactions that may influence colonization dynamics 

in a given individual.  

In the context of UTI, the gut-to-urinary tract axis has been regarded as the primary pathway to 

symptomatic infection, although this is an assumption based on human studies in which the same strain 

causing the UTI is also found in the patient’s gut16. Some studies propose that the acquisition of increased 
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fitness in the urinary tract through mutation, decreases fitness in the gut habitat where the strain likely 

originated94. However, more recent studies have shown that transit between the gut and urinary tract can 

be bidirectional, in which urinary tract-adapted strains retain increased fitness and the capacity to 

colonize the host gastrointestinal tract95. For example, in the bladder, UPEC must overcome the sheer 

force of urine flow to prevent elimination from the urinary tract, similar to the state of peristalsis UPEC 

experiences in the gut, which pushes food and waste through the digestive tract. In both of these 

environments, UPEC successfully adheres to the host epithelia with type 1 pili, promoting gut colonization 

and bladder persistence96–99.  

Persistence of E. coli within a host is also shaped by the gradual accumulation of mutations, which 

can fine-tune metabolic capabilities, immune evasion strategies, and niche specialization over time. 

Temporal studies monitoring long-term resident strain colonization have demonstrated that UPEC strains 

demonstrate relatively low rates of mutation during multi-host colonization in a single household. One 

study found that over a period of 38 months, the first and last isolate collected of a clonal strain of UPEC 

only differed by 8 base pair substitutions, even after transference to multiple individuals in the same 

household100. A similar study by Ghalayini et al. traced an individual lineage of commensal E. coli within 

a healthy individual’s gut for a period of a year. Sequencing analysis identified 10 nonsynonymous 

chromosomal mutations among 24 clonal isolates, and no loss or gain of plasmids, or other mobile 

genetic elements (MGEs) were detected101. However, these patterns of genetic stability can shift in 

environments with repeated antibiotic exposure, where selective pressure accelerates the emergence 

and fixation of adaptive mutations (Fig. 2). 

In this sense, a study tracking an individual with multiple rUTI episodes from a clonal lineage of 

ST131, over a 5-year period, detected a total of 26 core genome single nucleotide polymorphisms 

(SNPs)102. Additionally, the lineages had significant changes in MGE carriage and diversity in plasmid 

maintenance among the urinary tract- and fecal ST131 clones, resulting in varying antibiotic susceptibility 

phenotypes102. This suggests that both susceptible and resistant lineages of the same strain can co-exist 
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in a single host, perhaps increasing overall population fitness by allowing alterations in population 

structure in response to environmental exposure to different antibiotics. Additionally, antibiotic resistance 

can be transferred between populations. A beta-lactamase-encoding plasmid was seen to have 

transferred between a UPEC and a commensal E. coli isolate by conjugation within the host gut following 

treatment for UTI with ampicillin103. In a follow-up study of the same host, it was determined that both 

strains bloomed in the host gut following ampicillin treatment, however, only the UPEC lineage maintained 

the plasmid following cessation of antibiotics104. Acquisition of antibiotic resistance can also occur 

between species in the gut microbiome. In one case study, an individual with chronic sepsis demonstrated 

evidence of UPEC chromosomal acquisition of fosA, encoding a drug modifying enzyme for fosfomycin, 

transferred from a Klebsiella variicola isolate within the gut of the patient by MGE105. This was following 

an extended period in which the patient was receiving fosfomycin.  

The bidirectional exchange of UPEC between the gut and genitourinary tract in combination with 

longitudinal acquisition of mutations and resistance mechanisms in the host raises intriguing questions 

about the mechanisms underlying microbial transit, the influence of host immunity, and the adaptability 

of bacterial populations across these environments.  
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Figure 2 Antibiotic pressure leads to UPEC resistance evolution. 
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1.5 The evolution of Antibiotic Resistance and Heteroresistance in 

the host 

Antibiotic Resistance 

Antibiotic susceptibility of clinical isolates is described through the use of standardized 

susceptibility tests with defined breakpoints for each drug that classifies an isolate as either “susceptible”, 

“intermediate”, or “resistant”. The leading organizations that determine these guidelines are the Clinical 

and Laboratory Standards Institute (CLSI) which primarily guides North America and non-European 

regions, and the European Committee for Antimicrobial Susceptibility Testing (EUCAST) which 

predominates Europe. Unsurprisingly, breakpoints and relevant guidelines do not always align between 

CLSI and EUCAST. These discrepancies have significant impact on resistance rates of common 

pathogens, which tend to be much higher in institutions that implement EUCAST guidelines106. These 

differences undoubtedly influence antimicrobial selection by clinicians, leading to altered prescription 

trends that differ between regions that use different guidelines107.  

Among uUTI patients, resistance rates to first-line antibiotics trimethoprim-sulfamethoxazole 

(SXT), fluoroquinolones (FQs) and nitrofurantoin (NFT) are 25%, 21%, and 4% respectively in the primary 

uropathogen E. coli, while multi-drug resistance (MDR) has been seen in 12% of isolates108,109. Sequence 

Type (ST) 131 lineage of E. coli has spread globally as a leading cause of multi-drug resistant UTI and 

bloodstream infection57,110,111. Klebsiella pneumoniae, another common uropathogen exhibits a 10% 

resistance rate to SXT, a 7% resistance rate to FQs, while 57% of isolates are resistant to NFT112. Patients 

with cUTI also experience high rates of multi-drug resistance: E. coli, Pseudomonas aeruginosa, and K. 

pneumoniae exhibit 15%, 38%, and 54% MDR respectively in the context of cUTI113. P. aeruginosa UTIs 

are particularly difficult to treat due to intrinsic resistance of P. aeruginosa isolates to many commonly 

used antibiotics114. In individuals with asymptomatic bacteriuria (ASB), antimicrobial therapy is typically 

not recommended, except in certain populations at high-risk for adverse outcomes. These include renal 

transplant recipients, pregnant women, those undergoing invasive urologic procedures, or the elderly 
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who present with ASB but cannot accurately or reliably articulate symptoms115. Regardless of global 

location, antimicrobial resistance rates have been on the rise for decades116,117. However, contributing 

factors do differ depending on geographic location. 

Local prescribing practices, healthcare infrastructure and the extent of public health guidance 

heavily influence antibiotic overuse. Particularly in low- and middle-income countries (LMICs), resistance 

rates for commonly used antibiotics are substantially higher due to over-the-counter antibiotic sales and 

limited diagnostic capacity118. In contrast, high-income countries such as Sweden, Norway, and Denmark 

have significantly lower rates of self-medication of with antimicrobials119, correlating with lower rates of 

antimicrobial resistance in community acquired infections. Antibiotic mis- and overuse not only 

exacerbates the increasing rate of antibiotic resistance, but also directly causes harm to the patient on 

an individual basis120. Appropriate antibiotic use in the community setting is essential to reduce antibiotic 

resistance spread, especially when globally, rates of resistant nosocomial infections continue to rise121.  

Beyond the clinic, AMR rates can be greatly impacted by antibiotic use in other sectors, like 

agriculture, where antibiotics are regularly used as a prophylactic mechanism in the absence of 

infection122,123. Additionally, the use of antibiotics early in the life of the animal significantly increases 

weight gain, reducing feed costs and shortening the feeding period of the livestock124. As a result of these 

practices, antibiotics and AMR genes have been detected in animal products125. Knowledge about the 

agricultural use of antibiotics is generally low among consumers126, which contributes to the expected 

increase in agricultural drug use by up to 67% by 2030127. Runoff from farms and cross-contamination of 

vegetable products have been an ongoing source of MDR isolates, emphasizing how agricultural 

practices have a direct impact on public health128.  

Heteroresistance 

 In section 1.4 I discussed cases in which UPEC isogenic populations with antibiotic resistant and 

antibiotic-susceptible subpopulations co-existed in the gut17,102. This is an example of heteroresistance, 
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which is becoming increasingly a challenge in healthcare. In simplest terms, heteroresistance is defined 

as an isogenic population of bacteria that demonstrates multiple susceptibility phenotypes upon clinical 

testing129. What complicates issues is that the antibiotic-resistant subpopulation may be the majority or 

minority subpopulation. If the former, it may be picked up during susceptibility testing and the patient is 

prescribed antibiotics that would eliminate the antibiotic-resistant lineage. However, if the antibiotic-

resistant subpopulation is the minority subpopulation, it may not be detected during clinical testing. This 

can lead to the prescription of an antibiotic that seemingly works based on the clinical laboratory AST 

evaluation, but in practice, the minority subpopulation with increased resistance to the drug will not be 

eliminated, during antibiotic treatment130.  

While observed in the clinic, heteroresistance is a particularly contentious subject, as many 

leaders in the field of antimicrobial resistance are not in agreement for what constitutes true 

heteroresistance among clinically tested pathogens. For instance, while sometimes referred to as 

instances of polyclonal heteroresistance, polymicrobial infections, infections of more than one pathogen 

species or multiple strains of the same species, will commonly have more than one MIC to antibiotics, 

but they are generally considered a separate scenario131. Additionally, heteroresistance is distinct from 

antibiotic tolerance, in which strains can survive transient exposure to antimicrobials, as well as antibiotic 

persistence, a nonheritable phenotype in which a clonal subpopulation survives exposure to high 

concentrations of antibiotic through slow growth or dormancy132.  

Heteroresistance is prevalent among clinical isolates and is most commonly associated with gene 

amplification events, making it inherently an unstable phenotype that may result in reversion to the 

parental level of susceptibility133. In the same sense, genetic mutations in loci associated with 

antimicrobial resistance can also be a mechanism for an increased resistance of an otherwise isogenic 

subpopulation, as seen in Mycobacterium tuberculosis populations with DNA gyrase mutations134. 

Notably, retrospective impact studies of the contribution of heteroresistance to treatment outcome is a 

difficult endeavor, as heteroresistance is itself a variable classification. The subpopulation frequency, and 
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the level of increased resistance in comparison to the parental strain will influence the extent in which a 

heteroresistant isolate is associated with a treatment failure130.  

In UPEC, heteroresistance has been observed with polymyxins135,136 and with the first line 

antibiotic fosfomycin, in which the majority of clinical isolates stably produce subpopulations with point 

mutations in a genetic pathway associated with the drug’s main route of entry into the cell137. With 

fosfomycin becoming more frequently used to treat antibiotic-resistant uropathogens138, I identified a 

pressing need to understand what pathways in UPEC are associated with fosfomycin resistance or 

heteroresistance and how do these pathways influence pathogenesis and reservoir formation. I address 

this work in Chapter 3 of this thesis. Changes in prescription trends are not a new phenomenon; the 

ongoing increase in resistance rates, along with the development of new drugs influence treatment 

regimen a physician selects. Clinical microbiologists rely on breakpoints for antibiotics established 

through microbiological and clinical outcome studies as well as the drugs’ 

pharmacokinetics/pharmacodynamics. Additionally, they can incorporate findings from basic science 

researchers who study resistance mechanisms, drug-target interactions, and bacterial physiology to 

better understand how pathogens respond to antibiotics. These insights, combined with real-world clinical 

studies and the resulting international guidelines (e.g., CLSI, EUCAST), ensure treatments remain 

effective against evolving threats. In addition to addressing resistance, understanding how pathogens 

like UPEC stably colonize alternative host reservoirs—such as the gut, vaginal space, and bladder—is 

essential. UPEC's ability to adapt and persist in these niches complicates eradication efforts and 

highlights the importance of studying host-pathogen interactions alongside resistance mechanisms. By 

integrating these perspectives, researchers can develop strategies that not only combat resistance but 

also disrupt persistent colonization to improve patient outcomes. 

1.6 Focus of this Dissertation  

My thesis addresses the following gaps in the field of UPEC pathogenesis and treatment: 
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1. Does colonization route of host reservoirs, specifically the gut, influence UPEC persistence and 

infection dynamics? (Chapter 2) 

2. What selection pressures influence bidirectional movement of UPEC from the bladder to the gut 

and vice versa? (Chapter 2) 

3. Are there novel routes to fosfomycin resistance (FosR) and what can we learn from them, given 

the increasing use of fosfomycin as a front-line antibiotic? (Chapter 3) 

4. Are in vivo fitness costs associated with FosR-associated mutations? (Chapter 4) 

5. Do FosR-associated mutations within the same pathway demonstrate the same trade-offs in 

respect to bacterial metabolism? (Chapter 5)  

I show that UPEC can overcome colonization resistance in the gut following an UTI, and that 

gut to urinary tract transit can be monitored in murine models of colonization (Chapter 2). I 

demonstrate that through variant analysis of UPEC clinical isolates and their FosR subpopulations do 

demonstrate common and novel routes to fosfomycin resistance (Chapter 3). I determine that 

whether a UPEC strain has increased FosR due to a common route, loss of the sugar transporter 

UhpT, or a novel route, disruption of glycolysis enzymes PykA and PykF, UPEC can still effectively 

establish infection and persist in the host urinary tract comparably to its parental strain (Chapter 4). 

Finally, in addition to identification of common routes to FosR, I begin to elucidate nontraditional uhp 

system mutations that still retain their ability to import G6P, even when they maintain an increased 

MIC toward fosfomycin (Chapter 5).  
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Chapter 2: Bidirectional movement of UPEC 

between the gut and genitourinary tract is 

facilitated by antibiotic treatment 

2.1 Introduction 

Over 400 million urinary tract infections (UTIs) are reported around the globe each year, and over 

200 thousand premature deaths are associated with this common disease11. A significant driver of 

antibiotic prescriptions, the most debilitating aspect of UTI is that it recurs in approximately 25% of 

individuals. Recurrent UTI (rUTI) is clinically defined as a second episode within 6 months of the first 

infection, or a total of three UTIs within 1 year139,140. Despite the prevalence of UTI and the impact of 

these infections on the number of antibiotic prescriptions, the development of antibiotic resistance and 

the diminishing quality of patient life, there remain critical unknowns in our understanding of the disease. 

Arguably, the biggest unknown lies in the mechanisms or recurrence: why do some individuals develop 

rUTIs while others do not?  

 As discussed in Chapter 1, the main causative agent of UTI is UPEC, accounting for over 75% 

of reported infections110. UPEC establish acute infection in the bladder by co-opting the intracellular 

environment of the bladder epithelial cells, where they form biofilm-like, intracellular bacterial 

communities (IBCs)60,141. IBC formation is accompanied by damage to the urothelium which facilitates 

formation of bladder reservoirs142,143, as well as dissemination to the vagina and gut88,144,145. While the 

gut-to-urinary tract axis is well-recognized as the primary pathway for UTI development, it is still unclear 

when does UPEC first colonize the gut and how does the presence of other commensal E. coli strains 

influence colonization dynamics and bidirectional movement between the gut to the urinary tract. Does 

UPEC transition back to the gut following a UTI, or is the gut reservoir stable and responsible for re-

seeding the bladder? These are critical unanswered questions, which I seek to illuminate in this chapter. 
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E. coli is one of the first species to colonize the gut of infants following vaginal or cesarean 

delivery6,89. As a facultative anaerobe, E. coli prefers aerobic respiration and as such it is thought to 

maintain the anaerobic environment in the gut during the first few days of infancy, by consuming the 

available oxygen146. Oxygen depletion is thought to facilitate growth of strict anaerobes such as 

Bacteroides and Bifidobacterium spp., which make up the bulk of a healthy gut microbiome75,147. As 

humans age, E. coli strain diversity increases, with the average person maintaining a transient 3.5 

genotypes of E. coli in their gut14,148. The B2 E. coli phylogroup is predominant in the human gut, as well 

as being the most prevalent among UPEC strains149–151. A study comparing fecal E. coli isolates between 

individuals with active UTI and healthy controls demonstrated that 87% of UTI patients carry the infecting 

strain in their gut152. Similarly, a temporal study tracking fecal specimens of kidney transplant patients 

demonstrated a 1% relative abundance of E. coli was also found to be associated with the future 

development of E. coli bacteriuria17. In a different study, blooms of UPEC in the gut have been detected 

preceding and coinciding with positive urine cultures of the patients70. Corroborating these observations, 

another study has revealed that patients prone to rUTI carry clonal populations of their UTI isolate in the 

gastrointestinal tract even after antibiotics eliminate the same UPEC strain from the urinary tract15,16.  

What is common in these studies is that the rUTI-associated UPEC is the predominant E. coli in 

the gut of the rUTI patient even after the patient has resolved the urinary tract infection. This raises 

intriguing questions: How does UPEC overtake the other E. coli strains in the gut? Was the offending 

UPEC strain part of the gut microbiome in the first place, or does it constitute an ecological change in 

which a UTI strain gained a new niche (the gut) following a UTI? And what role does the vagina, as an 

ecological niche, play in the dynamics of UPEC transition back and forth between the bladder and the 

gut? 

To begin to answer some of these questions, we took advantage of Enterobacterales-free and 

Enterobacterales-associated mice, developing the first model to our knowledge that can evaluate the gut-

bladder transit of UPEC strains. We present evidence that, in both backgrounds, UPEC rapidly expands 
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to the majority population in the murine gut following active UTI. In contrast, UPEC is only capable of 

colonizing the murine gut following oral administration in the absence of commensal E. coli, but in doing 

so also demonstrates gut-to-urinary tract transit events. These trends are transferable in hosts pre-

colonized with commensal representatives, and those whose commensal microbiota are wiped by 

antibiotic intervention prior to UPEC introduction. Most importantly, we observe that prior antibiotic 

administration increases the frequency of bacteriuria in mice that harbor UPEC in their gut. These 

observations indicate that stable host colonization by UPEC can be bi-directional and is influenced by 

commensal strains. Moreover, our data suggests that antibiotic treatment may potentiate the onset of a 

UTI if an individual harbors a UPEC strain in their gut. 

2.2 Methods 

Strains and plasmids used in this study 

The commensal E. coli strain, designated Fbt1 (Table 1 and BioProject PRJNA1217874), was isolated 

from mice by plating on MacConkey agar, and was transformed with pWSK29153,154. The cystitis isolate 

UTI89 that harbors a chromosomal insert of GFP and a KanR cassette in the HK locus has been previously 

described155.  

 

Bacterial culture conditions 

For transurethral inoculation, UTI89HK::GFP was grown overnight in 5 mL LB medium (Fisher 

BioReagents™) + 50 µg/mL kanamycin (Fisher BioReagents™) shaking at 37°C. Overnight cultures were 

then diluted 1:1000 into 10 mL fresh LB + 50 µg/mL kanamycin and grown statically at 37°C for 24h, after 

which cultures were sub-cultured one more time. Sub-cultures were normalized in sterile 1X phosphate 

buffered saline (PBS) at a final concentration of 2x108 CFUs per mL. For gut colonization, E. coli strains 

were grown shaking at 37°C overnight in 25mL LB medium. Cultures were normalized in sterile 1X PBS 

at a final concentration of 2x109 CFUs per mL. 
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Murine Model of Urinary Tract Infection 

All animal experiments were performed in accordance with the procedures in protocol number # 

M1800101-01, approved by the Vanderbilt University Medical Center Institutional Animal Care and Use 

Committee (IACUC). Animals were purchased from Jackson labs (Enterobacterales-free C3H/HeOuJ), 

or Envigo (E. coli-associated C3H/HeNHsd) and acclimated at the Vanderbilt University Medical Center 

(VUMC) facilities for at least 4 days before inoculation. Only female animals were used for this study at 

7- to 8-weeks of age. Animals were intravesically inoculated as previously described156, with 50 µl PBS 

containing 107 CFUs of bacteria. Urine and paired fecal samples were longitudinally collected at 1-, 3-, 7-

, 14-, 21-, and 27-days post inoculation to track bacterial colonization of the bladder and gut, respectively. 

Resolution of bacteriuria is defined as 104 CFU per milliliter of urine157. Mice with resolved bacteriuria 

were separated from their cage mates and followed separately. 

For urine CFUs, urine was collected by clean catch in sterile 1mL Eppendorf tubes. Urine volume 

was quantified by pipette, and normalized in sterile 1X PBS to a minimum volume of 20 µL before serial 

dilution and plating on MacConkey agar (BBLTM #212306) supplemented with 50 µg/mL Kanamycin to 

resolve UTI89::Kan-GFP. For fecal E. coli CFUs, pellets were suspended and weighed in 1 mL sterile 

PBS before serial dilution and plating on selective MacConkey agar and MacConkey supplemented with 

antibiotics (50 µg/mL Kanamycin to resolve UTI89HK::GFP, or 100 µg/mL Ampicillin to resolve 

Fbt1/pWSK29). Mice were euthanized 28-days post intravesical inoculation. Bladders, kidneys, and 

vaginal tissue were removed, homogenized in 1 mL sterile PBS using an Omni tissue homogenizer, and 

serial diluted for CFU enumeration158. The same infection procedure was used in experiments where 

coprophagic behavior was inhibited by using custom cage bottoms (RWF612SSVXJ, Ancare Corp). 

Murine Model of Gut Colonization 

Gut colonization experiments were performed via oral gavage, according to previously established 

protocols98,157 in 7- to 8-week-old Female C3H/HeNHsd and C3H/HeOuJ mice. Prior to oral gavage, mice 
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were acclimated in the VUMC facilities for a minimum of 4 days during which time fecal samples were 

collected to determine levels of commensal E. coli pre-colonization. As described for the UTI model, fecal 

pellets were resuspended in 1 mL of sterile PBS, followed by serial diluting and plating onto MacConkey 

and MacConkey supplemented with Kanamycin or Ampicillin at 50 µg/mL and 100 µg/mL, respectively . 

In the oral gavage model, each mouse was inoculated with 1 x 108 CFUs of UTI89HK::GFP. Following 

oral gavage, urine and fecal samples were collected at days 1, 3, 6, 9, 12, 15, 18, 21, and 24 for 

comparative bacterial plating on MacConkey and MacConkey supplemented with antibiotics as described 

above. Mice were euthanized 24 days post oral gavage and bladders, kidneys, and vaginal tissue were 

removed for CFU enumeration as described for the UTI model.  

Commensal Transfer Experiment – Enterobacterales-free C3H/HeOuJ mice were gavaged with 1 x 108 

CFUs of Fbt1 isolated from the C3H/HeNHsd mice. Successful colonization of C3H/HeOuJ mice by Fbt1 

was confirmed through fecal collection and subsequent plating for up to 24 days post introduction. In 

experiments where UPEC was introduced following colonization with Fbt1, UPEC was gavaged 3 days 

after commensal transfer. The co-existence of UPEC and Fbt1 was tracked with longitudinal fecal sample 

collection and differential plating on MacConkey agar + 50 µg/mL kanamycin (to track UTI89HK::GFP) 

and 100 µg/mL ampicillin (to track Fbt1/pWSK29). 

Streptomycin-Treatment Experiments – In the results sections I describe experiments in which I treat 

C3H/HeN mice with streptomycin to eliminate Fbt1. For these experiments, C3H/HeN mice were given 5 

g/L streptomycin in their drinking water for 48h as previously described159. After 2 days of antibiotic 

treatment, streptomycin was omitted from the drinking water. Successful depletion of Fbt1 was confirmed 

through fecal collection and plating 24h prior to inoculating with UTI89HK::GFP. Following oral gavage of 

UTI89HK::GFP in the streptomycin-pretreated mice, animals were tracked for 24 days and euthanized 

as described above. 

DNA isolation and Sequencing of Fbt1 
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Genomic DNA was extracted from overnights of Fbt1 using the PureLink™ Genomic DNA Mini Kit and 

manufacturer instructions. The strain was sequenced on an Illumina NovaSeq 6000 instrument producing 

2 × 151 reads at an average short read coverage of 146. E. coli phylogroup and MLST was determined 

by EzClermont phylotyping tool160 and PubMLST161 respectively. Antibiotic resistance genes were 

enumerated by the Comprehensive Antibiotic Resistance Database162. Serotyping of each strain was 

performed in silico using SerotypeFinder by the Center for Genomic Epidemiology163.  

 

2.3 Results 

Uropathogenic E. coli overcomes colonization resistance in the gut following a UTI 

Most experimental models of UTI inoculate mice intravesically to induce bladder infection156. 

Specifically, the C3H murine backgrounds allow for the tracking of infection outcomes over time, including 

resolution of bladder infection, induction of chronic UTI157,164, or migration to the vagina165. In our previous 

studies, we have also observed that following a UTI, mice become colonized with UPEC in their gut137, 

similar to what has been reported in human studies16,152. Given that different animal vendor facilities 

influence murine microbiota166,167, we first asked whether the presence of Enterobacterales in the murine 

gut would influence colonization by UPEC following a UTI. Towards this, we leveraged a chromosomally 

marked, kanamycin resistant UPEC strain, UTI89HK::GFP155 and C3H murine genetic backgrounds from 

Enterobacterales-free (Jackson Labs) facilities and facilities that rear mice which harbor resident E. coli 

in their gut (Envigo).  

Upon arrival all mice from Jackson (JAX) and Envigo were tested for the presence of 

Enterobacterales by plating isolated feces on MacConkey agar. As expected, no growth was observed in 

samples from JAX mice, however, feces from Envigo mice plated on MacConkey agar resulted in growth 

of Enterobacterales (Fig. 3A). Isolation and sequencing of representative colonies verified that the 

colonies were all derived from a single strain of Escherichia coli, which we named Fbt1. Alignment of 

Fbt1 with published E. coli genomes revealed that it belongs to phylogroup B1, is of the ST-223 sequence 
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type and is 99.6% identical to its nearest neighbor, E. coli strain M8160–162,168 (Table 1 and BioProject 

PRJNA1217874 for complete sequence). Genomic profiling showed that Fbt1 harbors no specific 

antibiotic resistance genes beyond what is part of the core E. coli genome (Table 1) This work indicated 

that mice purchased from Envigo harbor commensal E. coli. The same Fbt1 strain was isolated from 

multiple shipments and verified by the Envigo representative, indicating that we the Envigo C3H/HeNHsd 

mice can be used to track competition dynamics in the UTI model. 

 

Table 1 Sequencing information on commensal isolate Fbt1 and UPEC strain UTI89HK::GFP 

 

To determine if the presence of gut E. coli influences transition to the gut following a UTI, 107 of 

KanR-tagged UTI89HK::GFP155 was transurethrally inoculated into both mouse cohorts (JAX and Envigo) 

as per our canonical protocols and what is standard in the field156,165. Following inoculation, urine and 

feces were collected from each mouse for a period of 28 days to track rates of bacteriuria, resolution of 

UTI over time, and migration to the gut. Resolution of bacteriuria corresponds to fewer than 104 CFU/ml 

of urine per the standard cutoff for chronic infection in murine models of UTI164. Our results revealed that 

both Jackson (JAX) and Envigo mice had comparable resolution of bacteriuria over time, with 

approximately 40% of mice resolving infection (Fig. 3B), and share similar bimodal distributions of final 

bladder and kidney titers as previously reported (Fig. 3C, D and 157). Similarly, in both mouse cohorts, 

Envigo Commensal E. coli  Isolate Fbt1 UPEC Isolate UTI89HK::GFP

Origin
MacConkey fecal prescreen isolate from Envigo 
C3H/HeNHsd mouse 2-4, December 2023

Urine from patient with an acute bladder infection

Genome Length 5,144,790 5,139,144
Gene Count 5,220 5,126
Phylogroup B1 B2
Serotyping O113 : H21 O18 : H7

MLST (Achtman) ST-223; Clonal Complex 155 ST-95; Clonal Complex 95
Abx Resistance Genes 49 53

NCBI BioProject PRJNA1217874 PRJNA1217874
NCBI BioSample SAMN46504288 SAMN47160147    

Nearest Neighbor
E. coli  strain M8; Switzerland, 2012 (ob/ob 
mouse); 99.6% identity;  Genbank Accession: 
CP019953

E. coli  strain 5.3r; Washington, USA 2007 (Urine, 
Human); 99.2% identity;  Genbank Accession: 
NIEY00000000
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UTI89HK::GFP was isolated from feces as early as 24hpi (Fig. 3E, F), although in Envigo mice, maximal 

UPEC expansion was first seen 7 dpi (Fig. 3E). These data suggest that despite the presence of 

commensal E. coli in the gut, UPEC can establish a reservoir following an episode of UTI. 

 It is widely known that animal housing conditions and animal behavior can contribute to 

gastrointestinal colonization phenotypes169,170. Coprophagy, the consumption of feces and contaminated 

food pellets – could arguably contribute to the sustained UPEC counts observed from feces following UTI 

(Fig. 3E, F). To determine the contribution of this animal behavior, custom cage bottoms were acquired 

(Ancare Corp; RWF612SSVXJ) that allow for feces and contaminated food pellets to drop out of the 

reach of mice during the length of the experiment. The chronic UTI experiment was repeated using the 

custom cages, and urine and fecal titers were tracked for a period of 21 days following transurethral 

inoculation. Under these housing conditions, we observed a higher rate of bacteriuria resolution in JAX 

mice (Fig. 4A). However, regardless of mouse background, or the presence of the commensal Fbt1 (Fig. 

4B), UPEC rapidly colonized the gut as early as 24h following transurethral inoculation (Fig. 4C). Notably, 

in the custom cages, a more prominent decrease in fecal UPEC counts was observed on day 21 of the 

experiment in both Envigo and JAX mice (Fig. 4C), which coincided with when UPEC bacteriuria had 

resolved in 100% and 80% of the respective mouse groups in this experiment (Fig. 4A). At the 

experimental end point, we observed no significant differences in the UPEC counts associated with 

bladder, kidney, and vaginal tissues of JAX and Envigo mice (Fig. 4D-F). Collectively, these data indicate 

that coprophagy is not a major contributor of gut colonization following a UTI in the murine infection 

model. 
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Figure 3 UPEC colonizes the gut after UTI. 

(A) Graph depicts E. coli titers from murine feces collected prior to transurethral inoculation to evaluate 
the presence of commensals in mice purchased from Envigo (blue) or JAX (purple). (B) Kaplan-Meier 
plot depicting the rate of bacteriuria resolution in mice infected with UTI89HK::GFP. (C-D) Graphs depict 
organ titers at the time of euthanasia for (C) Bladders, (D) Kidneys of each mouse group in the chronic 
UTI model. (E-F) Graphs depict the percent (%) abundance of UPEC (plated on MacConkey agar with 
kanamycin), compared to total E. coli counts (plated on MacConkey agar with no antibiotics) in fecal 
samples from (E) Envigo and (F) JAX mice transurethrally inoculated with UPEC. Each dot represents 
one animal. Bars represent geometric mean and 95% confidence interval. n=20 mice/group.  
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Figure 4 Coprophagy does not significantly contribute to UPEC colonization of symptomatic 

and asymptomatic niches. 

(A) Kaplan-Meier plot depicting the rate of bacteriuria resolution in mice infected with UTI89HK::GFP. (B) 
Graph depicts E. coli titers from murine feces collected prior to transurethral inoculation to evaluate the 
presence of commensals in mice purchased from Envigo (blue) or JAX (purple). (C) Graph depicts total 
UTI89HK::GFP fecal titers (plated on MacConkey agar with kanamycin) of Envigo and JAX mice. (D-E) 
Graphs depict organ titers at the time of euthanasia for (D) Bladders, (E) Kidneys, and (F) Vaginal Tissue 
of each mouse group in the chronic UTI model with custom cage bottoms. Each dot represents one 
animal. Bars represent geometric mean and 95% confidence interval. n=10 mice/group. 
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The presence of commensal E. coli prevents UPEC colonization via the oropharyngeal route 

Our data indicates that following a UTI, UPEC transits to the murine gut as early as 24h following 

infection and stably colonizes the gut despite the presence of a commensal E. coli. Given that humans 

acquire multiple E. coli strains during their lifetime14,148 and studies suggest that this colonization occurs 

through ingestion171, we asked whether UPEC could co-colonize the gut with the commensal Fbt1, if 

administered orally. To address this question, two groups of 5 C3H mice from each vendor were colonized 

with 108 CFUs of UTI89HK::GFP via oral gavage. In this experiment, no pre-treatment with antibiotics 

was performed on either cohort,. and the presence of Fbt1 was verified in the feces of mice purchased 

from Envigo (Fig. 5A). Following oral gavage, feces and urine were collected at 3-day intervals to 

determine the colonization efficiency of UPEC in the gut and to track potential UPEC transit from the gut 

to the urinary tract. These experiments revealed that in Enterobacterales-free mice (JAX), UPEC readily 

colonized the gut and counts remained high throughout the duration of the study (Fig. 5B). Interestingly, 

paired urine collections during the time course demonstrated multiple instances of spontaneous 

bacteriuria within the JAX C3H/HeOuJ background (Fig. 5C). During several collections, JAX urine titers 

were well beyond 104 bacteria/mL, the concentration threshold associated with active UTI157,164. This 

shows evidence that transit from a stably colonized host gut to the urinary tract can occur.  

By contrast, in Fbt1-colonized mice UPEC did not stably colonize the gut following oral gavage 

and was undetectable by 9-days post infection (Fig. 5B). Consistent with the absence of a gut reservoir, 

no bacteriuria was observed in Fbt1-colonized mice (Fig. 5C). These data indicate that the presence of 

an E. coli strain in the gut can provide colonization resistance against UPEC, when UPEC is introduced 

through the oropharyngeal route.  
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Figure 5 Gut commensal E. coli elicit colonization resistance against UPEC. 

(A) Graph depicts E. coli titers from murine feces collected prior to transurethral inoculation to evaluate 
the presence of commensals in mice purchased from Envigo (blue) or JAX (purple). (B) Graph depicts 
total UTI89HK::GFP fecal titers (plated on MacConkey agar with kanamycin) of Envigo and JAX mice. 
(C) Graph depicts total UTI89HK::GFP urine titers of Envigo and JAX mice. Each dot represents one 
animal. Bars represent geometric mean. n=5 mice/group.  
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Commensal transfer to Enterobacterales-free mice is sufficient to block UPEC from colonizing 

the gut via the oral route 

 Given that the two mouse backgrounds used in our studies come from different vendors and likely 

harbor additional differences in their gut microbiota, in addition to the presence or absence of 

Enterobacterales, we asked whether transfer of Fbt1 from the Envigo to the JAX mice would be sufficient 

in establishing colonization resistance against UPEC. For this experiment, we administered Fbt1 to JAX 

mice via oral gavage, 3 days prior to introduction of UPEC and its presence in the gut was evaluated. 

Upon validation of stable counts of Fbt1 in the gut (Fig. 6A, B), UTI89HK::GFP was gavaged. The relative 

abundance of UPEC in comparison to total E. coli was determined for the timeframe of the study by 

duplicate plating of stool on selective MacConkey and MacConkey + Kan agar. A control group of JAX 

mice that were not pre-colonized with Fbt1 was included in the experiment. 

This experiment revealed that, unlike the control mice, where UTI89HK::GFP immediately and 

stably colonized the gut (Fig. 6C), the Fbt1-pre-colonized JAX cohort had significantly lower UPEC 

counts, similar to the traditional Envigo background (Fig. 6D). Additionally, the Fbt1 pre-colonized JAX 

group showed no instances of bacteriuria (Fig, 6E), suggesting that the expansion of commensal E. coli 

strain Fbt1 in the gut is sufficient to block UPEC colonization of the gut and to prevent transition to the 

urinary tract. Consistent with this observation, no UPEC titers were detected in the genitourinary tract 

organs in the Fbt1-pre-colonized JAX mice (Fig. 6F). These data indicate that – despite the different gut 

microbiota of the two different mouse backgrounds used in our study – the Fbt1 E. coli strain is sufficient 

in blocking UPEC colonization of the gut when the latter is orally administered.  
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Figure 6 Colonization resistance phenotypes are transferable using pre-treatment interventions. 

(A) Graph depicts E. coli titers from murine feces collected prior to oral gavage to evaluate the presence 
of commensals in mice purchased from JAX. (B) Graph depicts E. coli titers from murine feces collected 
following oral gavage of Fbt1 in JAX mice. (C-D) Graphs depict the percent (%) abundance of UPEC 
(plated on MacConkey agar with kanamycin), compared to total E. coli counts (plated on MacConkey 
agar with no antibiotics) in fecal samples from (C) JAX and (D) JAX pre-colonized with Fbt1. (E) Graph 
depicts total UTI89HK::GFP urine titers of JAX and JAX pre-colonized with Fbt1. Each dot represents 
one animal. (F) Graph depicts organ titers at the time of euthanasia for each mouse group. Bars represent 
geometric mean and 95% confidence interval. n=6 mice/group. 
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An active UTI allows UPEC to become the majority population of gut E. coli strains 

 Given that Fbt1 is sufficient in blocking UPEC from the gut of JAX mice, we asked whether its 

presence would influence bladder-to-gut transition in this mouse background. In order to better track 

individual commensal and uropathogenic E. coli populations within the same host, a low copy plasmid 

with ampicillin resistance, pWSK29, that can be maintain in vivo without selective pressure153,154, was 

transformed into Fbt1. The resulting strain, Fbt1/pWSK29, was subsequently orally gavaged into the JAX 

as before. Fbt1/pWSK29-colonized mice were subsequently split into three groups and either received 

an oral gavage of sterile PBS (negative control, Fig. 7A), an oral gavage of UTI89HK::GFP (Fig. 7B), or 

a transurethral inoculation of UTI89HK::GFP (Fig. 7C). Urine and fecal titers were tracked for 24 days.  

 Following oral gavage, Fbt1/pWSK29 stably colonized the gut for the 24 days of the experiment, 

without observed plasmid loss in the absence of antibiotic (Fig. 7A, control group). As seen in the 

previous experiment, subsequent gavage of Fbt1/pWSK29-colonized mice with UTI89HK::GFP did not 

result in successful colonization of UPEC in the gut (Fig. 7B). In stark contrast, transurethral inoculation 

of Fbt1/pWSK29-pre-colonized mice with UTI89HK::GFP led to stable colonization of the gut by UPEC 

(Fig. 7C). Paired urine samples indicated spontaneous bacteriuria for both mouse cohorts that were 

inoculated with UPEC either via oral gavage or UTI (Fig. 8A). Strikingly, upon euthanasia and evaluation 

of bacterial titers in the genitourinary tract organs, those animals that displayed bacteriuria in the oral 

gavage cohort were the ones that also had UPEC CFUs in their vaginal tissue (Fig. 7D, 8A). Commensal 

E. coli was detected in the vaginal tissue of all three groups, however, UPEC dominated the vaginal tissue 

of the transurethrally inoculated mice (Fig. 7D). At the experimental endpoint, only the group that acquired 

UPEC transurethrally demonstrated bacterial titers in the bladders and kidneys of mice (Fig. 8B, C) .  

Together these data indicate that if an E. coli strain is present in the gut of a host, it can exclude 

UPEC from forming a gut reservoir if acquired through ingestion. However, this colonization resistance is 

abrogated if the UPEC strain reaches the gut following a UTI. Moreover, our data indicate that both 

commensal- and uropathogenic strains can transit from the gut to the vaginal space. 
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Figure 7 UPEC and commensal E. coli populations reach equilibrium following UTI 

(A-C) Graphs depict total commensal E. coli (red circles) and UTI89HK::GFP (black circles) fecal titers 
(plated on MacConkey agar with ampicillin or kanamycin) of JAX mice in the (A) Fbt1 Oral Gavage group, 
(B) Fbt1 Oral Gavage + UPEC Oral Gavage group, and (C) Fbt1 Oral Gavage + UPEC UTI group. (D) 
Vaginal titers of commensal E. coli (red circles) and UPEC (black circles). Each dot represents one 
animal. Bars represent geometric mean and 95% confidence interval. n=15 mice/group. 
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Figure 8. UTI seeds the gut with UPEC.  

(A) Graph depicts total UTI89HK::GFP urine titers of JAX mice in the Fbt1 Oral Gavage group (Blue 
circles), Fbt1 Oral Gavage + UPEC Oral Gavage group (red circles), and Fbt1 Oral Gavage + UPEC UTI 
group (green circles). (B-C) Graphs depict organ titers at the time of euthanasia for (B) Bladders, (C) 
Kidneys of each mouse group in the UTI model. Bars represent geometric mean and 95% confidence 
interval. n=6 mice/group. Each dot represents one animal. Bars represent geometric mean and 95% 
confidence interval. n=15 mice/group.  
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Antibiotic Treatment potentiates movement of UPEC from the gut to the genitourinary tract. 

 Our data suggest that a pre-existing E. coli strain plays a protective role in preventing orally 

gavaged UPEC from colonizing the gut. Studies in humans have correlated the administration of 

antibiotics with a higher risk of recurrent UTI16,172. We therefore asked whether treatment of Fbt1-

colonized mice with antibiotics would mobilize UPEC from the gut to the genitourinary tract. For this 

experiment 6 Fbt1-colonized Envigo mice were used. Upon arrival, mice were checked for the presence 

of Fbt1 (Fig. 9A) and then treated with 5g/L streptomycin in their drinking water for 3 consecutive days 

to eliminate Fbt1 and disrupt the gut microbiome as previously described159. A control group of 5 animals 

was not given antibiotics to serve as a comparison group. As expected, streptomycin administration led 

to undetectable levels of Fbt1 in the stool (Fig. 9B). Subsequent oral gavage of UTI89HK::GFP resulted 

in stable colonization of the host gut by 24 h post oral gavage in the antibiotic-treated mice compared to 

the control group (Fig. 9C-D).  

 Paired urine samples were collected with each fecal pellet during the experiment. While the 

control group showed no bacteriuria throughout the experiment, the antibiotic-treated cohort exhibited 

bacteriuria, similar to the JAX background group (Fig. 9E, 6E). Strikingly, upon euthanasia, detectable 

levels of bacteria were observed in the bladders and kidneys of antibiotic-treated group (Fig. 9F), 

indicative of the ability of UPEC to ascend to the urinary tract following oral gavage. In addition, significant 

titers of UTI89HK::GFP were obtained from vaginal tissues of the mice that consistently demonstrated 

bacteriuria (Fig. 9F). These results demonstrate that UPEC can transit to and from the genitourinary tract 

if it establishes a resident reservoir in the gut and that antibiotic treatment can potentiate both the 

establishment of the reservoir and the dissemination of UPEC to the vagina and bladder.  
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Figure 9 Antibiotic pre-treatment potentiates the onset of UTI by UPEC gut populations. 

(A) Graph depicts E. coli titers from murine fecal pellets collected prior to oral gavage to evaluate the 
presence of commensal E. coli. (B) Graph depicts E. coli titers from murine feces collected following 
streptomycin pre-treatment. (C-D) Graphs depict the percent (%) abundance of UPEC (plated on 
MacConkey agar supplemented with 50μg/mL kanamycin), compared to total E. coli counts (plated on 
MacConkey agar with no antibiotics) in fecal samples from (C) Envigo and (D) Envigo Strep Pre-Tx mice. 
(E) Graph depicts total UTI89HK::GFP urine titers of Envigo and Envigo Strep Pre-Tx mice. Each dot 
represents one animal. (F) Graph depicts organ titers at the time of euthanasia for each mouse group. 
Bars represent geometric mean and 95% confidence interval. n=6 mice/group. 
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2.4 Discussion 

 

In this work, we highlight the interplay between intra-species competition and UPEC colonization 

dynamics in the context of UTI. Leveraging animals from two different vendors that harbor (Envigo), or 

lack (JAX) E. coli in their gut microbiome, we demonstrate a clear colonization resistance phenotype 

against UPEC gastrointestinal expansion following oral gavage (Fig. 5B). In contrast, the stable gut 

colonization of UPEC in JAX mice following oral gavage suggests that the absence of resident 

Enterobacterales is sufficient to provide UTI89 an available niche (Fig. 5B). Past studies in the field 

showed that UPEC only expands in the Envigo mouse gut following oral gavage when streptomycin pre-

treatment is administered98, suggesting the disruption of the gut microbiota created a niche UPEC could 

fill. Indeed, the disruption of the gut microbiota with streptomycin in our study eliminated colonization 

resistance, allowing for rapid and stable UPEC colonization in addition to multiple observed instances of 

spontaneous bacteriuria (Fig. 9D, E). Conversely, the prior introduction of the commensal strain Fbt1 into 

JAX mice recapitulated the colonization resistance phenotype seen in Envigo mice and protected against 

instances of detectable bacteriuria normally seen in the JAX background (Fig. 6C-E). This strongly 

suggests that the presence of specific commensal E. coli strains, such as Fbt1, actively impedes UPEC 

colonization by occupying ecological niches or competing for critical resources in the gut. Moreover, the 

observation of spontaneous bacteriuria and bladder titers in mice with stable gut UPEC populations 

provides the first method, to our knowledge, to model the gut- urogenital axis during UPEC pathogenesis 

(Fig. 9D-E ). Multiple episodic urinary titers exceeding the 104 CFU/mL threshold for active UTI supports 

the hypothesis that a stably colonized gut can significantly influence the dynamics of urinary tract 

infections, including the transition from asymptomatic colonization to active infection (Fig. 5C, 6E, 9E). 

One limitation of the study is that we are evaluating one UPEC strain and one gut commensal, naturally 

harbored in the Envigo mouse background. While our study demonstrates a clear colonization resistance 

phenotype exerted by a B1 strain onto a B2 uropathogenic isolate, it may not reflect all the colonization 
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scenarios in the real world. Nevertheless, our work demonstrates that some strains – if present in the gut 

– can block the colonization of E. coli strains introduced through the food chain.  

Most importantly, our work reveals that the colonization resistance inhibiting UPEC’s expansion 

following oral administration is abolished following UTI, even in the absence of streptomycin pre-

treatment (Fig. 3E, F). This is not due to coprophagy (Fig. 4C), indicating that the colonization dynamics 

between the two strains change as a function of introduction route to the gut. While oral gavage in our 

experiments deposits a bolus of bacteria in the murine gastro-intestinal tract, UTI resolution facilitates 

natural taxis from the genitourinary tract to the GI tract. This may suggest that during UTI, UPEC is primed 

to better compete in the gut environment, or that a subpopulation is selected for that has a fitness 

advantage in the vagina and gut. Another possibility is that the establishment of a bladder reservoir 

provides a source of repeated oral inoculation that is sufficient to overcome colonization resistance. 

However, we argue that if this were true, we would observe similar gut colonization dynamics in the oral 

gavage experiments. Moreover, the use of an altered caging method allowed for the inhibition of 

coprophagic behavior, limiting the intake of feces or food pellets contaminated with infected urine that 

might contribute to repeated gut colonization through the oropharyngeal route. We do observe a decrease 

in fecal UPEC counts in both Envigo and JAX mice coinciding with bacteriuria resolution at the study’s 

endpoint when open-bottom caging is used (Fig. 4A, C). This suggests a possible linkage between 

bacteriuria and gut colonization, which makes sense, given that gut colonization following a UTI occurs 

as a function of bacteria migrating to the gut in a non-synchronous fashion that more closely aligns with 

what happens with natural infection.  

 These observations lead to an important question: When UPEC overcomes colonization 

resistance imposed by commensal E. coli, does the host maintain both strains, or is the commensal 

lineage lost during competition? Utilizing alternatively tagged Fbt1 and UPEC strains, we see that – at 

least in our UTI model – the Fbt1 and UTI89HK::GFP stably co-colonize the gut throughout the study 

duration (Fig. 7B, C).  
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Finally, our study sheds light on the potentially vital role of the vaginal reservoir in facilitating bi-

directional movement between the gut to the urinary tract. Specifically, the detection of spontaneous 

bacteriuria only in the orally gavaged mice with detectable UPEC titers in the vaginal tissue emphasizes 

the importance of the vagina as an intermediate niche for UPEC transit between the gut and urinary tract 

(Fig. 7D, 8A). Moreover, the presence of commensal E. coli in the vaginal tissue across all groups 

suggests that the vaginal microbiome serves as a shared habitat for both commensal and uropathogenic 

strains, at least in the murine model, with UPEC dominating under specific conditions (Fig. 7D). 

Experiments in male mice are needed to determine if this hypothesis is correct.  

In summary, this work elucidates the intricate interactions between resident commensal E. coli 

and UPEC within the gut, bladder, and vaginal environments, providing new insights into the dynamics 

of UPEC colonization and persistence across host niches. Our findings underscore the critical role of 

commensal Enterobacterales in shaping colonization resistance in gut and vaginal reservoirs yet 

demonstrating that UPEC can overcome this barrier following UTI. The identification of the vaginal space 

as a potential nidus for UPEC transit between the gut and bladder emphasizes its importance in urologic 

health. By establishing a murine model that links gut colonization to UTI, my work provides a valuable 

platform for future studies aimed at uncovering the molecular and ecological mechanisms underlying 

recurrent UTI.  

Parallel to understanding the mechanisms facilitating movement from symptomatic and 

asymptomatic niches, it is important to appreciate the changes that take place in clinical isolates of UPEC 

when inhabiting the host. Given that antibiotic treatment plays a crucial role in shaping these dynamics, 

both by disrupting commensal populations and by selecting for resistant subpopulations, it is essential to 

further investigate how specific antibiotic pressures influence UPEC persistence and ability to cause 

infection. One antibiotic of increasing clinical relevance in UTI treatment is fosfomycin138,173., which 

remains highly effective against UPEC174 but has been observed to demonstrate resistant subpopulations 

during susceptibility testing. While fosfomycin resistance (FosR) rates remain relatively low, the presence 
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of these subpopulations raises critical questions about their clinical significance and potential for 

persistence. To better understand how resistance emerges and whether these subpopulations influence 

infection outcomes, the next chapter explores the identification of fosfomycin-resistant UPEC 

subpopulations in clinical isolates. By leveraging targeted sequencing approaches, this work aims to 

characterize the genetic mechanisms underlying FosR and assess their implications for UPEC 

pathogenesis and antibiotic stewardship. 
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Chapter 3: Identification of fosfomycin 

resistant subpopulations in UPEC clinical 

isolates 
Portions of this chapter has been adapted from: 

Raising the alarm: fosfomycin resistance associated with non-susceptible inner colonies 

imparts no fitness cost to the primary bacterial uropathogen © 2023 by Tomas A Bermudez, 

John R Brannon, Neha Dudipala, Seth Reasoner, Grace Morales, Michelle Wiebe, Mia Cecala, 

Michael DaCosta, Connor Beebout, Omar Amir, Maria Hadjifrangiskou is licensed under CC BY 

4.0 

 

3.1 Introduction 

Current commonly prescribed treatments for uncomplicated UTI include trimethoprim-

sulfamethoxazole or ciprofloxacin. However, clinics experience resistance rates as high as 22.4% and 

21.6% respectively in the United States173,175. Additionally, antibiotic resistance rates in developing 

countries are typically much higher due to less regulation over antibiotic use176. Increasing trends in 

antibiotic resistance have led to more frequent use of the antibiotic fosfomycin, in both European and 

American health care facilities177,178. Recent clinical screenings indicate that urinary E. coli isolates have 

maintained rates of fosfomycin resistance as low as 3.6% even after decades of fosfomycin use in 

European clinics174. However, there remains a gap in our understanding of how FosR may arise if 

fosfomycin becomes a front-line antibiotic, and the fitness and pathogenic cycle of fosfomycin resistant 

isolates has not been investigated. My work will attempt to bridge this gap in the field. 

Fosfomycin was discovered in Spain in 1969, and has been considered safe and effective even 

in backgrounds of renal insufficiency or pregnancy179–181. When taken orally, fosfomycin has a 

bioavailability of 30-40% and reaches a broad distribution throughout the body, but is best known for 

maintaining clinically relevant concentrations of over 100µg/mL in the urinary tract for several days 

following a single oral administration180,182,183. This is more convenient than other first-line antibiotics 

which tend to require multiple doses per day for a period of 7-10 days. The cessation of treatment 
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following the improvement of symptomology before full clearance of the infection having occurred has 

been a long standing fear of physicians since the first development and implementation of antibiotic 

treatments184.  

Fosfomycin has broad spectrum activity against both Gram-positive and Gram-negative 

organisms. Additionally, fosfomycin is in a drug class of its own, being unrelated to other antibiotic 

families. Made up of an epoxide and a propyl group, the drug is derived from phosphonic acid and was 

originally identified as a product of Streptomyces spp185,186. Interfering with the initiation step of 

peptidoglycan synthesis, fosfomycin acts as a phosphoenolpyruvate (PEP) analog, irreversibly binding 

to the enoylpyruvate transferase MurA (Fig. 10B). When the peptidoglycan layer cannot be synthesized 

or repaired, structural integrity loss of the cell occurs, leading to cell lysis and death179.  

To date, several routes to fosfomycin resistance have been identified, including: a) fosfomycin-

modifying enzymes, b) modifications on the MurA fosfomycin target, or c) mutations that lead to 

decreased fosfomycin entry into the bacterial cell. In the case of modifying enzymes, the kinases FomA 

and FomB, observed exclusively in fosfomycin-producing organisms like Streptomyces wedmorensis, 

sequentially form fosfomycin monophosphate and fosfomycin diphosphate, preventing its association 

with resident MurA and facilitating its export from the cell187. The metalloenzymes FosA, FosB, and FosX 

each open the oxirane ring of fosfomycin by adding glutathione, bacillithiol, or H2O respectively188. The 

fosA gene has been observed rarely among plasmids of MDR E. coli isolates since the early 2010s189,190. 

However, in recent screenings among clinical isolates, up to 6% of FosR UPEC isolates contain fosA 

either genomically or on plasmid vectors191. The FosB enzyme has only been seen in Gram-positive 

bacteria such as Staphylococcus aureus, while FosX has only been seen in invasive pathogens such as 

Brucella melitensis and Listeria monocytogenes179. Acquired mutations within MurA, the target of 

fosfomycin, have not been observed to date in clinical E. coli isolates192.  

The most common route to increased FosR is through reduction of its ability to enter the cell. In 

E. coli, two sugar transporters, UhpT (Fig. 10A) and GlpT, canonically transport glucose-6-phosphate 
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(G6P) and glycerol-3-phosphate (G3P) respectively193,194. Due to structural similarities between 

fosfomycin and these metabolites, the transporters are also fosfomycin mechanism of entry into the E. 

coli cell195. The bacterial two-component signaling system UhpBAC is attributed to the detection of G6P 

and subsequent upregulation of the uhpT transporter193. Understandably, mutations in the signaling 

components or the transporter itself will result in increased resistance to fosfomycin, due to decreased 

expression or function of uhpT, and subsequently less fosfomycin entering the cytoplasm to cause cell 

death196. These mutations can be observed most often as a heteroresistance phenotype, manifesting as 

clinical isolate subpopulations seen during susceptibility testing in medical laboratories. In this case, 

individual colonies grow within the zone of inhibition of the antibiotic and have been termed non-

susceptible inner colonies (NICs) by the field (Fig. 11A, B and 196,197). Following EUCAST susceptibility 

guidelines, surprisingly, it is recommended to ignore the appearance of NIC subpopulations during the 

evaluation of susceptibility of individual isolates due to the assumption that their attributed mutations are 

of high biological cost to the pathogen (Fig. 11C and 198). However, while CLSI guidelines do put forward 

to the likelihood of high biological cost mutations in NICs, they do take them into account during 

susceptibility evaluations (Fig. 11C and 197).  

As fosfomycin has been continuously used as an effective treatment for infection, the identification 

and screening for routes to FosR among uropathogens has been its own focus of study. When comparing 

resistant NIC daughter strains to their susceptible parents, past studies, likely impeded by technological 

limitations or cost, primarily used targeted PCR amplification of known routes to FosR as a method of 

screening cohorts for FosR mutations195,198. While these methods continue to demonstrate the most 

common routes to increased FosR are disruption of the glpT transporter gene and components of the 

UhpBA two-component system regulon, the same studies identified FosR clones with no apparent 

mutations at these commonly associated genetic loci. However, no subsequent follow-up analyses were 

performed to identify potential novel mutations associated with increased FosR in the identified strains. 

Given that heteroresistance continues to become an increasing issue in antibiotic treatment, it is 
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important to evaluate the extent of antibiotic-resistant subpopulations when UPEC is treated with 

antibiotics like fosfomycin.  

In this work, I leverage a large, representative cohort of UPEC isolates from Vanderbilt University 

Medical Center’s microVU repository to evaluate the frequency of FosR arising in vitro and define new 

mutations previously unassociated with FosR in UPEC.  
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Figure 10 Fosfomycin is a first-line antibiotic for the treatment of UTI. 

The UhpBAC two-component system detects and regulates the import of Glucose-6-Phosphate 
(G6P). (A) (1) UhpC transmembrane protein binds G6P (2). UhpC-G6P interacts with the UhpB 
sensor histidine kinase (HK), stimulating auto-phosphorylation (3). UhpB-P phosphorylates the UhpA 
response regulator (RR) (4). UhpA-P upregulates uhpT expression, increasing G6P import. (B) 
Fosfomycin acts as a phosphoenolpyruvate (PEP) analog, irreversibly binding the enoylpyruvate 
transferase MurA in place of PEP, restricting peptidoglycan synthesis. (C) The pyruvate kinases 
catalyze the transfer of the phosphate group of PEP to an ADP molecule, forming pyruvate and ATP. 
Schematics were created on Biorender with licensure granted to VU. 
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Figure 11 FosR subpopulations are commonly observed as nonsusceptible inner colonies 

(NICs) during AST testing. 

(A) Schematic of the Kirby- Bauer disk diffusion method of susceptibility testing for screening of NIC 

phenotype. (B) Fosfomycin disk diffusion profile of isolate, VUTI 483 (left) and one randomly 

selected NIC (right) indicating that NICs are stably fosfomycin resistant. Schematics were created 

on Biorender with licensure granted to VU. (C) Zone of inhibition diameters measured during 

fosfomycin disk diffusion according to EUCAST (left) or CLSI (right) guidelines. 
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3.2 Methods 

Strains, plasmids and primers used in this study. 

Strains used in this study are listed in Appendix A, along with associated de-identified patient 

information. The well-characterized cystitis isolate UTI89 was used as a reference strain in which isogenic 

derivatives were created using the λ-Red recombinase system199. Primers used in these studies are 

found in supplementary Table 2. Vanderbilt’s microVU repository 

(https://www.vumc.org/microvu/welcome) banks over 13,000 UPEC isolates yearly. To accurately assess 

the abundance of the NIC phenotype in this cohort, a power analysis was conducted following a 

preliminary screening of 160 isolates. With a margin of error of 5 and a confidence interval of 95%, it was 

determined that the screening of 324 isolates would be sufficient to estimate the average fosfomycin non-

susceptible inner colony (NIC) count of the 13,000 microVU UPEC isolates. 

https://www.vumc.org/microvu/welcome
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Table 2 Primers used in this study 

 

 

 

Kirby-Bauer Disk Diffusions 

Susceptibility testing of 337 UPEC clinical isolates from VUMC’s microVU biorepository was performed 

in accordance with established Kirby Bauer disk diffusion protocols 200. (MicroVU banks an average of 

13,000 UPEC isolates. Power analysis was performed to determine the number of isolates required to 

estimate the average NIC count of 13,000 annual microVU UPEC isolates with a margin of error of 5 and 

a confidence interval of 95%). Each UPEC isolate was streaked for isolation. Single colonies were picked 

and suspended in sterile saline to match to a 0.5 McFarland Standard. Suspensions were used to 

inoculate nonselective Mueller-Hinton agar plates. Three fosfomycin disks (BD BBL™) were placed 

equidistant on each plate. Non-susceptible inner colonies (NICs) were counted, and zones of inhibition 

were recorded in accordance with EUCAST guidelines. Experiments were repeated at least twice for 

each isolate. Representative NICs were isolated, sub-cultured overnight, and freezer stocks were 

Strain Primer Primer Sequence

mutS  KO Primer Fwd GACGCCCATACGCCCATGATGCAGCAGTATCTCAAGCTGAAAGCCCAGCAGTGTAGGCTGGAGCTGCTTC

mutS KO Primer Rev ACTCTTCAAGCGATAAATCCATTCCAGCGCCTGACGCGGAGTCAGTGAATCATATGAATATCCTCCTTAG

mutS  Test Primer Fwd GGAACCGACATCAAGAACTCACC

mutS  Test Primer Rev TGGTAGCGTGTAGATGGCATG

uhpBA  KO Primer Fwd GACATAACGTTGAGGTAGAGAAACGCTGACACGCGTGCCGTGCAGACAGGGTGTAGGCTGGAGCTGCTTC

uhpBA  KO Primer Rev GTTGCCCTTATAGACGATCACCTTATCGTCCGCTCCGGCTTTGCGCAGCTCATATGAATATCCTCCTTAG

uhpBA  Test Primer Fwd GTGAAGTAAAACAGCGCGTAAC 

uhpBA  Test Primer Rev CTCAAGGCTTGAACAACATCG  

uhpT  KO Primer Fwd CAGGTTCGCAAGCCGACCCTGGACCTTCCGCTCGAAGTGCGGCGCAAAATGTGTAGGCTGGAGCTGCTTC

uhpT  KO Primer Rev CTGAATTTTTTTCTCGCGGCGGATTTTGCGTTCTTCCATCACCGCCACTACATATGAATATCCTCCTTAG

uhpT  Test Primer Fwd CCTCACGCAGGTATTCATTT

uhpT  Test Primer Rev CGTTTATGCCACTGTCAACT

pykA  KO Primer Fwd CGATTGTCACTGTCCTAATCTTATACGACATCCGAATGAGATTAATTTATGTGTAGGCTGGAGCTGCTTC

pykA  KO Primer Rev GAAGATTCGAAATCTGTTGAATTATCATTGAACTGTAGGCCGGATGAGGCCATATGAATATCCTCCTTAG

pykA  Test Primer Fwd GGTCAAGGAAGCGCTGAAG

pykA  Test Primer Rev CGAAATCCAACCGTATAAGCG

pykF  KO Primer Fwd ATGAAAAAGACCAAAATTGTTTGCACCATCGGACCGAAAACCGAATCTGAGTGTAGGCTGGAGCTGCTTC

pykF  KO Primer Rev TTACAGGACGTGAACAGATGCGGTGTTAGTAGTGCCGCTCGGTACCAGTGCATATGAATATCCTCCTTAG

pykF  Test Primer Fwd CTTAGAGCGAGGCACAACCA

pykF  Test Primer Rev GCTTCCATCGGATTCATCTTAGA

UTI89ΔmutS

UTI89ΔuhpBA

UTI89ΔuhpT

UTI89ΔpykA

UTI89ΔpykF
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prepared for subsequent AST and sequencing analysis. The Kirby Bauer disk diffusion protocol was also 

followed for ETEST® strips (bioMérieux™), but with one ETEST strip added to the center of the Mueller-

Hinton plate, instead of three disks. 

Growth conditions 

For the G6P growth analyses: Growth curves of parental UPEC isolates and their respective NICs were 

performed in M9 media 201 supplemented with 0.4% G6P as the sole carbon source. The ΔuhpBA mutant 

strain served as a negative growth control. Clinical isolates and lab strains were streaked for isolation on 

LB agar and incubated at 37°C overnight. Cultures were created in 5mL LB from single colonies of each 

parental and paired NIC isolate and incubated at 37°C shaking overnight. Strains were sub-cultured in 5 

mL of fresh LB in a 1:1000 ratio for 2 hours, or until growth was observed. Each subculture was inoculated 

into M9 media supplemented with 0.4% (w/v) G6P in a 1:100 ratio. Strains were loaded in 96 well plates 

and absorbance was measured at 600nm for 15-minute intervals over 16 hours of growth with continuous 

orbital shaking. Instances in which NIC growth was observed were subsequently validated with further 

repeats. 

Next Generation Sequencing and Analysis 

Clinical UPEC isolates and their paired representative NICs were streaked for isolation and propagated 

in overnight cultures as described above. Aliquots of 750µL of overnight were pelleted by centrifugation 

and treated for genomic DNA isolation with the PureLink™ Genomic DNA Kit. Parental isolates were 

prepared for sequencing using the Illumina DNA Prep Kit (catalog no. 20018705). These isolates were 

sequenced on an Illumina MiSeq or NextSeq 2000 instrument producing 2x151 reads. The parental 

isolate reads were evaluated for quality using FastQC v. 0.11.9 with default options. We assessed the 

read files for quality by looking at the number of sequences with over 85% Q30 base pair reads and 

overall passing all checks for base quality, GC content, N content, length distribution, and 

overrepresented sequences 202. Reads were trimmed using TrimGalore v. 0.6.7, with option –paired. The 

reads were assembled de novo using SPAdes v. 1.13 with options –isolate and for paired reads. The 
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resulting FASTA file was finally filtered and contigs <800bp were removed. Code for trimming and 

assembly of the parental isolates can be found at www.github.com/gracehm. Parental FASTA files were 

annotated using the workspace on Bacterial and Viral Bioinformatics Resource Center (BV-BRC) v. 

3.30.5i using the RAST tool kit 203,204. NIC read files were mapped against their parental FASTA files using 

BWA-mem through BV-BRC 205. Variants in the NICs were identified using FreeBayes 206. Variants were 

assessed for potential SNPs eliciting their increased FosR phenotype. SNPs found within coding 

sequences were prioritized based on a frequency of reads >60%.  

Data Availability 

All sequencing data produced from this work were deposited in the NCBI Sequencing Read Archive 

(SRA) and Genbank. All parental isolate reads and assemblies are associated with BioProject Number 

PRJNA819016. All NIC associated reads are associated with BioProject Number PRJNA975897. 

 

3.3 Results  

Analysis of fosfomycin resistant (FosR) subpopulations arising during clinical antimicrobial 

susceptibility testing (AST) 

Given that fosfomycin AST is not performed routinely in the clinical lab, we first evaluated the 

prevalence of NICs in UPEC isolates during fosfomycin AST. Using power analysis to determine the 

representative number of isolates needed to be screened for this purpose (see materials and methods), 

we tested a total of 337 clinical UPEC strains (Appendix A) from UTI patients seen at Vanderbilt 

University Medical Center. We observed that 77% of the tested strains form fosfomycin NICs during 

susceptibility testing, with NIC numbers ranging from 5 to 50+ per plate (Fig. 12). Overall, NIC count did 

not correlate to zone of inhibition size following EUCAST guidelines, and tested isolates demonstrated 

on average 27.8 NICs per disk diffusion plate (Fig. 12). The UPEC isolates used in our study were 

acquired from the Vanderbilt microVU biorepository, where each clinical isolate is linked to the de-

identified clinical record of the source patient. Using this resource, we asked if the number of NICs 
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produced by UPEC strains correlate with specific disease outcome or pre-existing patient condition, like 

type 2 diabetes mellitus 207. We found that the number of NICs per isolate do not correlate to diabetic 

status (Fig. 13A), UTI symptomology (Fig. 13B), patient age (Fig. 13C), sex (Fig. 13D), or 

immunocompromised status (Fig. 13E).  

When isolated, re-propagated and subsequently tested by Kirby-Bauer disc diffusion assays, the 

FosR NICs demonstrate significantly smaller zones of inhibition compared to the parent strain (Fig. 11B, 

14). These results suggest that the fosfomycin resistance of NICs comes from stable genetic mutations. 

Therefore, we next sought to identify the mutations associated with fosfomycin resistance in a 

representative cohort of NICs. 
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Figure 12 Clinical UPEC isolates demonstrate a propensity to form fosfomycin nonsusceptible 

inner colonies (NICs). 

Histogram depicting number of UPEC isolates (left axis) observed to generate average NIC counts 
organized into bins (x axis), and average zone of inhibition size for each bin (right axis).  

 

 

 

 

 



54 
 

Figure 13 NIC abundance does not correlate with de-identified patient data. 

Deidentified patient data for available clinical UPEC isolates were leveraged during correlations between 
NIC abundance following Kirby-Bauer disk diffusions and patient backgrounds such as (A) Diabetic 
Status; (B) UTI Symptomology; (C) Age; (D) Sex; (E) Immunocompromised Status. Mann-Whitney 
statistical analysis was used in GraphPad Prism to compare two groups, otherwise Kruskal-Wallis 
multiple comparison test was used. A-E Each dot represents one isolate NIC count. 
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Figure 14 NICs demonstrate significantly smaller fosfomycin zones of inhibition compared to 

their parental clinical strain. 

NICs (Black) and paired parental UPEC clinical isolate strains (Grey) zone of inhibition diameters were 
compared during duplicate trials of three technical replicates. Dashed lines represent median scores of 
Parental and NIC populations. 
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NIC-hyperproducing phenotype can be induced through disruption of DNA repair 

 A small proportion of screened clinical UPEC isolates demonstrated a substantially higher than 

average NIC count, 27.8 NICs/plate, upon Kirby-Bauer disk diffusion testing (Fig. 12). These individual 

isolates were deemed hyper-NIC producing strains. Hypermutator phenotypes have previously been 

attributed to increased NIC production among other pathogens208. To observe this effect on UPEC and 

the development of FosR NIC subpopulations during AST, a deletion in the mismatch repair gene mutS, 

was generated in the UPEC model strain UTI89. This strain could potentially be utilized as a model NIC 

hyperproducing background during evaluations of strain fitness. 

The MutS protein has been attributed to the binding of single base-pair mismatches and 

facilitating in the recruitment of other DNA repair machinery209. With a reduced ability to detect nucleic 

acid mismatches, the resulting UTI89ΔmutS mutant would not be able to inhibit the accumulation of 

mutations within its genome. Following the loss of mutS, a substantial increase in NIC count is observable 

during Kirby-Bauer disk diffusion testing, although no change is seen in overall zone of inhibition 

diameters (Fig. 15A). Increased NIC count is also seen during Etest susceptibility testing, however, 

because of the increased count at lower concentrations of drug, a 2-fold increase in fosfomycin MIC to 

2µg/mL was measured (Fig. 15B). 
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Figure 15 Loss of DNA repair machinery results in NIC hyperproducing phenotype. 

AST was performed on UTI89 and its isogenic deletion mutant UTI89ΔmutS using (A) Kirby-Bauer disk 
diffusions and (B) Etest ®. 
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Novel pathways connected to fosfomycin resistance are detectable by whole-genome 

sequencing. 

We next wanted to determine what types of mutations are associated with decreased fosfomycin 

susceptibility in NICs. To bin potential pathway mutations, we used information from previous work which 

demonstrated that loss-of-function mutations in uhpBAC or uhpT abrogate the ability of E. coli to import 

G6P and thus the corresponding mutants cannot grow on media in which G6P is the sole carbon 

source210. We therefore devised a simple phenotypic assay, where NICs and the parental UPEC strains 

are inoculated separately in M9 minimal media supplemented with G6P as the sole carbon source. If the 

ability to transport G6P is hampered via the mutation of uhpBA or uhpT, then the corresponding NIC 

would exhibit a growth defect, relative to their parent strain. However, if mutations exist that confer 

resistance to fosfomycin without impairing G6P import, then the NIC and parent strain may exhibit similar 

growth on G6P as the sole carbon source. Using this scheme, we tested 91 randomly selected NIC-

parent pairs, which constitute 27% of the 337 strains used in the NIC screening.  

Our analyses revealed 3 distinct growth patterns on G6P as the sole carbon source: NIC non-

growers (70/91, Fig. 16A), NIC-growers (14/91, Fig. 16B), as well as a subset of strains in which neither 

the parent- nor the NIC clones grew in G6P media (7/91, Fig. 16C). These data suggest that additional 

genes influence fosfomycin resistance, in agreement with previous studies198.  

To identify genomic differences between the 91 FosR NICs and their paired parent isolates, we 

isolated genomic DNA from each NIC-parent pair and subjected them to whole-genome sequencing and 

variant analysis. Of 91 pairs sequenced, two were eliminated for failing quality control (1 NIC Non-Grower 

and 1 Parental Non-Grower from Fig. 16). For the remaining 89 NIC-parent pairs, identified SNPs were 

organized by nonsynonymous mutation based on a minimum of 30x sequencing coverage and at least 

60% of reads containing the identified SNP.  
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In line with the growth profiles on G6P, 66% of NICs (59/89) harbored uhp mutations in uhpB, 

uhpA, uhpC or uhpT (Table 3), the majority of which are in the NIC non-grower category (Fig. 16A). 

Intriguingly, several mutations, especially in uhpC, were identified in NIC-growers (Table 3, Fig. 16B). Of 

the remaining 30 NIC-pairs, 5 harbored high-confidence, high-effect mutations in non-uhp loci (Table 3). 

The remaining 25 NIC-parent pairs harbored too many SNPs to confidently identify a single locus that 

contributes to fosfomycin resistance and were therefore not considered further. From the confidently 

identified loci (Table 4), we focused on investigating the effects of uhp deletion on fosfomycin resistance 

and UPEC pathogenesis, as well as pykF that encodes an aerobic pyruvate kinase in E. coli (Fig. 10C) 

We selected pykF, because a NIC harboring a premature stop codon in pykF (VUTI 519 NIC) displayed 

the highest NIC MIC (>1024µg/mL), which is 16-fold higher than the fosfomycin MIC of the parental 

isolate (Table 4). 

Clean Deletions of known and novel genes associated with fosfomycin resistance increase the 

fosfomycin MIC of a susceptible E. coli strain.  

To evaluate the specific contribution of uhp and pykF in increasing the MIC of a fosfomycin-

susceptible strain, we generated clean deletions of uhp genes and pykF in the well-characterized UPEC 

strain UTI89 that is fosfomycin-susceptible142. PykF and its anaerobic homolog PykA catalyze the 

conversion of PEP to pyruvate and ATP (Fig. 10C). Given the intersection of these enzymes with 

glycolysis and entry into the TCA cycle, we generated clean deletions of pykF, pykA, or both, in UTI89. 

The resulting markerless deletion strains exhibited substantial increases in MIC, with ΔuhpBA and ΔuhpT 

having an MIC 128 µg/mL compared to 1µg/mL in wild type UTI89 (Fig. 17A). Similarly, we observed a 

32-fold increase (32µg/mL) in UTI89ΔpykF (Fig. 17B). While loss of pykA, the pyruvate kinase expressed 

under anaerobic conditions in E. coli, did not affect the MIC of UTI89ΔpykA under the tested aerobic 

condition, deletion of both pyruvate kinases increased the MIC of UTI89ΔpykAΔpykF to 64µg/mL (Fig. 

17B). Together these data indicate that clean deletion of pykF increases the fosfomycin MIC in E. coli 

strains. We next investigated whether mutations in uhp or pyk impart a fitness cost in during UTI.  
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Figure 16 NICs demonstrate three distinct growth phenotypes when G6P is the sole carbon 

source in M9 media. 

(A) VUTI 273 NIC demonstrates a NIC non-grower phenotype, similar to a Δuhp-mutant. (B) VUTI 518 

NIC demonstrates a NIC grower phenotype, growing comparably to its parental strain. (C) VUTI 344 

demonstrates a parental non-grower phenotype, failing to grow with G6P as the sole carbon source 

alongside its NIC. 
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Table 3 Summary of high-confidence SNPs in uhp and non-uhp regions for 91 NICs compared to 

their paired parental UPEC isolates. 

 

 

 

 

 

 

Table 4 High-confidence mutations in non-uhp regions, determined by high sequence coverage, 

and variant frequencies of at least 60% of reads. 
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Figure 17 Increases in FosR can be observed via ETEST©. 

Representative images demonstrating significant increases in fosfomycin MIC among (A) uhp and (B) 

pyk deletion mutants in UPEC strain UTI89. 
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3.4 Discussion 

In this study we show, utilizing a representative UPEC strain cohort, that most clinical isolates produce 

non-susceptible inner colonies (NICs) during fosfomycin AST. This phenomenon is well established but 

largely attributed as an artifact of in vitro testing. Using a growth assay with G6P as the sole carbon 

source as a quick method for screening in search of NICs that may not have mutations in uhp. NICs that 

failed to grow in M9 media supplemented with G6P (NIC non-growers), were mostly associated with 

uhpBA mutations, while NICs that successfully grew in G6P harbored – as we showed – non-uhp routes 

to FosR (Table 3, Appendix B). Uhp system mutations were the most abundant. It should be noted that 

among 5/14 NICs that grew in the presence of G6P harbored mutations within the uhpC sensor gene. 

These mutants are notable, as UhpC constitutes the sensing component of the Uhp signaling system, 

bears similarity to UhpT, and has been previously shown to transport G6P albeit poorly211. Such mutations 

may be altering the function of UhpC such that it does not induce the activation of UhpBA signaling (Fig. 

10A) but allows UhpC to serve as a G6P transporter. Further investigations into these atypical uhp system 

mutations are detailed in Chapter 5. 

Surprisingly, a third growth phenotype was observed in our G6P growth assays: in which neither the 

NIC nor its parent strain grew in G6P media. This phenotype suggested either absence of uhp genes 

from the parent strain, or the presence of loss-of-function mutations in the parental uhp genes. The 

complete absence of uhp genes was confirmed in clinical isolate VUTI 516, while the remaining parent 

non-grower strains harbored multiple SNPs in their corresponding uhp loci (Appendix B). This is an 

important observation, as tested UPEC strains were acquired directly from patients at Vanderbilt 

University Medical Center, who were not prescribed fosfomycin for treatment, yet they harbored 

fosfomycin resistant isolates that may have arisen in response to an unknown stress in vivo. These 

representative strains, despite the absence of a functional Uhp, established infection in humans. This 

observation further supports the need for a more critical evaluation of strains containing NIC-associated 

mutations, which have previously been deemed of high biological cost to the pathogen. 
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 Following testing, NIC count among UPEC clinical isolates ranged from nonproducing to 

hyperproducing backgrounds. While these phenotypes were reproducible among tested strains, 

determining if the NIC-hyperproducer phenotype was inducible was still unknown. To test is, an isogenic 

mutant of UTI89 was created following the deletion of mutS, attributed to the detection and repair of single 

base-pair mismatches209. Loss of mutS has resulted in increased NIC production in Pseudomonas 

aeruginosa208. Wild-type UTI89 typically produces under 10 NICs per plate following Kirby-Bauer testing, 

but the UTI89ΔmutS mutant clearly demonstrates a substantial bloom in NICs, likely due to the increased 

mutation rate the strain would experience following disruption of DNA repair mechanisms (Fig. 15A, B). 

This strain could potentially be utilized as a model NIC hyperproducing background during evaluations of 

strain fitness, however, as a hypermutator strain, increased variability might be expected among different 

in vitro and in vivo evaluations of the strain.  

 Sequencing analysis demonstrated that consistent to past studies of NICs, disruption of uhp was 

the most common route to the increased FosR seen in the tested NIC subpopulations, however, significant 

increases in fosfomycin MIC was also seen in strains without any detectable mutation in the uhp system 

(Table 3, 4). These common and novel mutations of interest were carried over in UPEC strain UTI89. 

Loss of the transporter, or the signaling system attributed to its expression, generated a 128-fold increase 

in fosfomycin MIC (Fig. 17A). This results in a 128µg/mL MIC and the intermediate resistance 

classification according to CLSI standards. Loss of the aerobically expressed E. coli pyruvate kinase, 

pykF, demonstrated a 32-fold increase in fosfomycin MIC to 32µg/mL, while the additional loss of the 

anaerobically expressed pyruvate kinase isoform further increased the MIC to 64µg/mL (Fig. 17B). While 

these resistance mutations were not sufficient to change the classification of UTI89 from a susceptible 

(≤64µg/mL) to an intermediate or resistant (≤256µg/mL) isolate according to CLSI standards, it should 

be noted that the vast majority of UPEC clinical isolates begin at a higher baseline fosfomycin MIC, 

meaning that acquisition of either route to increased FosR would be expected to result in significantly 

higher MIC evaluations than in our tested model strain. This occurred with VUTI 519, which demonstrated 
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a 64µg/mL fosfomycin MIC, while VUTI 519 NIC demonstrated an MIC of >1024µg/mL with a premature 

stop mutation in pykF (Table 4). The mechanism by which disruption of pykF imparts fosfomycin 

resistance to UPEC has not been investigated at depth in this study. However, we predict, based on its 

function that loss of Pyk activity may be increasing the intracellular PEP levels, outcompeting fosfomycin 

binding with MurA. A more thorough investigation of how fosfomycin resistance mutations re-wire UPEC 

metabolism is warranted for the future. 

 Previous studies that had attributed NIC subpopulations to high biological cost heavily relied on 

comparisons of growth rates in laboratory conditions between parental and NIC daughter strains196,198. 

Following generation of FosR mutants in the well characterized model strain of UPEC, UTI89, a more 

critical evaluation of fitness cost could be performed under infection relevant conditions, as well as in 

murine models of infection. These comparisons are detailed in Chapter 4. 
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Chapter 4: Evaluation of fitness costs of 

fosfomycin resistance in a murine model of 

infection 
Portions of this chapter has been adapted from: 

Raising the alarm: fosfomycin resistance associated with non-susceptible inner colonies 

imparts no fitness cost to the primary bacterial uropathogen © 2023 by Tomas A Bermudez, 

John R Brannon, Neha Dudipala, Seth Reasoner, Grace Morales, Michelle Wiebe, Mia Cecala, 

Michael DaCosta, Connor Beebout, Omar Amir, Maria Hadjifrangiskou is licensed under CC BY 

4.0 

 

4.1 Introduction 

While overall rates of fosfomycin resistance among clinical isolates remain low even after decades of 

use in European nations174, the observation of more resistant subpopulations is extremely common 

during susceptibility testing. As described in Chapter 3, these subpopulations are most commonly 

detected as nonsusceptible inner colonies (NICs) found within the zone of inhibition of Kirby-Bauer disk 

diffusions or Etests®. A NIC typically demonstrates increased FosR in relation to its parental isolate due 

to stable mutation, most commonly through disruption of the UhpBAC two-component signaling 

system196.  

The uhp system is attributed to the detection and subsequent regulation of import of glucose-6-

phosphate (G6P) for use by the bacterial cell but because of molecular similarities with G6P, the UhpT 

transporter is also permissive to fosfomycin, being the main route of entry into the E. coli cell183. In limited 

studies, NICs with mutations in uhp genes have been shown to exhibit decreased growth rates in 

laboratory media and in urine culture198,212. These previous reports contributed to the current assumption 

that mutations associated with FosR are broadly accompanied by a high biological cost. These 

observations have led to differences in fosfomycin susceptibility testing protocols between the US (CLSI) 

and European (EUCAST) clinical laboratory settings, where EUCAST guidelines call for ignoring NICs, 
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while CLSI calls for taking them into account197. In subsequent studies, others have shown that under in 

vitro conditions, significant fitness defects are not always seen among FosR clones213.  

These differences among institutional guidelines result in notable disagreement in susceptibility 

interpretations even between isolates with identical MIC values214, further complicating efforts for 

antibiotic stewardship. Previous studies also reported that mutations in the uhp system, the most common 

route to increased FosR in E. coli, impair UPEC colonization of the host kidney in a murine UTI model212, 

however no data were provided regarding bladder colonization, chronic infection, or long-term 

persistence in reservoir niches, which is a hallmark for recurrent infection with UPEC102,157. Additionally, 

UPEC does not rely on glycolysis during acute UTI77,78, nor is there free G6P that is abundant in the 

urine215. These observations prompted us to carefully evaluate how emergence of fosfomycin resistance 

may influence UPEC fitness during infection and during asymptomatic colonization of reservoir niches. 

After successfully identifying common and novel mutations associated with FosR in E. coli 

(Chapter 3), I aimed to comprehensively determine the impact of the identified FosR-associated 

mutations to UPEC fitness utilizing both infection-relevant in vitro conditions, and murine models of acute 

and chronic urinary tract infection. Collectively, this work demonstrates that not all mutations associated 

with resistance are accompanied by a fitness cost, raising awareness in initiating the efforts to curb future 

increases in fosfomycin resistance. Moreover, our work suggests that the formation of NICs during 

fosfomycin AST should not be ignored. 

 

4.2 Methods 

Strains, plasmids and primers used in this study. 

The well-characterized cystitis isolate UTI89 was used as a reference strain in which isogenic 

derivatives were created using the λ-Red recombinase system, as previously described in 

Chapter 3199. Primers used in these studies are found in Table 2. For fluorescence microscopy, 
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plasmid pCom-GFP (aka pANT4216) was introduced into UTI89 and other strains by 

electroporation to generate strain UTI89/pCom-GFP. 

Growth conditions 

All strains were propagated in lysogeny broth (LB) at 37C with shaking for routine culture and 

cloning or gene deletion purposes. Urine media was made by urine collection, centrifugation, 

and filter sterilization of an equal ratio of pooled urine from 3 male and 3 female donors217. For 

urine culture: Bacteria were first propagated in LB with shaking overnight. Strains were 

subsequently inoculated to a starting OD600 of 0.05 in 25mL of sterile urine media. Strains were 

maintained shaking, at 37°C and 4% O2, to more closely resemble the human urinary tract218–

220. CFU/mL measurements were taken every hour for 8h through serial dilution and plating onto 

LB agar.  

For animal studies: Bacteria were first propagated in LB with shaking, overnight at 37°C. 

Overnight cultures were used to seed fresh LB at a ratio of 1:1000 and incubated statically at 

37°C for 24h. Static cultures were passaged one more time in LB at a 1:1000 ratio and incubated 

statically for another 24h prior to preparing for inoculation in mice. This 2x24h static culture has 

been previously shown to enhance expression of type 1 pili which are adhesive fibers required 

for the initiation of infection156. 

Murine Model of UTI 

Murine infections were performed as described in Chapter 2 and previous studies156. Cultures 

were normalized in sterile PBS and 7- to 8-week-old C3H/HeN female mice were transurethrally 

inoculated with 50 µL containing 107 CFUs of bacteria. Mice were sacrificed at 6, 24h or 28 days 

post infection, in which bladders and kidneys were removed, suspended in 1mL sterile PBS, 
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homogenized with an Omni tissue homogenizer, and serial diluted for CFU/organ 

enumeration158. To track chronic UTI, urine was collected from each mouse at 1, 3, 7-, 14-, 21-, 

and 27-days post inoculation. Resolution of bacteriuria was defined as 104 CFU/mL of urine, as 

per the clinical laboratory definition for human bacteriuria157. Intracellular CFUs were quantified 

following PBS wash of the bladders and subsequent treatment with 100µg/mL gentamicin in PBS 

for 90 minutes. After gentamicin treatment, bladders were washed in PBS, and homogenized in 

PBS containing 0.1% Triton X-100 before serial dilution and plating as previously described65,221. 

Animal studies were approved by the Vanderbilt University Medical Center Institutional Animal 

Care and Use Committee (IACUC) (protocol number # M1800101-01).  

4.3 Results 
 

Loss of uhp genes – the most common route to FosR – is not associated with fitness costs 

during urinary tract infection. 

To gauge the contribution of the UhpBA two-component system during pathogenesis, we 

leveraged our expertise in well-established murine models of UTI to evaluate the fitness of 

ΔuhpBA compared to its isogenic parent during acute and chronic UTI. Moreover, we measured 

the ability of each strain to transit to and persist in the gut following a UTI.  

Prior to introducing the strains into animals, we determined if a defect exists during growth 

in urine. Strains were grown in pooled urine under hypoxic conditions to mimic the host urinary 

tract and evaluate the presence of any apparent growth defect. Following 8 h of growth, no 

significant difference in growth was detected between ΔuhpBA and wild type UTI89 (Fig. 18A). 

Strains were then grown and prepared for inoculating 7-8 week old female C3H/HeN mice as 

we previously described65. Infected mice were euthanized 16 hours post-infection (hpi) to assess 
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whole bladders and kidneys for CFUs at the late stage of acute infection. These experiments 

revealed no significant differences in bladder or kidney titers between ΔuhpBA- and wild type-

infected mice (Fig. 18B, C). To visualize the ability of ΔuhpBA to form IBCs, we used strains that 

were transformed with plasmid pANT4 that constitutively expresses GFP63. We observed no 

significant differences in the number (Fig. 18D) or morphology (Fig. 18E) of IBCs formed by the 

wild-type (WT) and ΔuhpBA. These data indicate that deletion of uhpBA does not impart a fitness 

defect during acute UTI.  

We next repeated the transurethral inoculations, but this time we monitored infection 

progression over a 28-day period. In C3H/HeN mice, chronic infection is characterized by 

persistent bacteriuria, where greater than 10,000 CFU/ml of urine are shed daily be infected 

animals157. Using longitudinal urinalysis, we observed that uhpBA-infected mice resolve 

bacteriuria more slowly than the isogenic parent (Fig. 19A). However, on the 28 dpi, no 

significant difference in total bladder or kidney counts were observed (Fig. 19B, C). Consistent 

with slow resolution, we saw high numbers of bacteria in the gut, following infection (Fig. 19D). 

These results demonstrate that uhpBA does not exhibit a fitness defect in vivo and can colonize 

infection- and reservoir niches as efficiently as the WT parent. 

Given that UhpBA signaling leads to the upregulation of the UhpT transporter, we also 

evaluated the fitness of a mutant deleted for the uhpT gene. Similar to the observations with 

uhpBA, uhpT exhibits no acute or chronic colonization defect (Fig. 20A-C). However, the 

uhpT mutant had similar resolution rates as the isogenic parent (Fig. 20A). Combined, these 

data indicate that mutation of the most common route to fosfomycin resistance is not associated 

with a fitness defect in the bladder.  
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Figure 18 Loss of uhpBA results in no detectable fitness cost during the acute stages of UPEC 

pathogenesis 

(A) Growth culture in pooled urine under 4% O2 demonstrates no significant difference in growth between 
UTI89 and ΔuhpBA. Organ titers at 16hpi demonstrate no significant difference in colonization of the (B) 
bladders or (C) kidneys during acute stages of infection. (D) IBC counts following florescent microscopy 
of fixed bladders 16hpi demonstrate no significant difference in total IBC counts. (E) Representative 
images of IBCs from UTI89 and ΔuhpBA infected bladders 16hpi. Statistical analysis was performed in 
GraphPad Prism using Mann-Whitney; ns = p>0.05. B, C Dots represent one mouse, n=7. D Dots 
represent one bladder, n=3.  
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Figure 19 Loss of uhpBA results in no detectable cost during the chronic stages of UPEC 

pathogenesis 
(A) Kaplan-Meier plot depicts fewer mice resolving bacteriuria when infected with ΔuhpBA compared to 
UTI89 over 4-weeks. Organ titers demonstrate no significant differences in (B) Bladder or (C) Kidney 
populations 28dpi. (D) No significant difference in fecal CFUs following loss of uhpBA. Paired fecal 
samples were collected during 28d urinalysis following transurethral inoculation. Statistical analysis was 
performed in GraphPad Prism using Mantel-Cox or Mann-Whitney; ns = p>0.05. B-D Dots represent one 
mouse, n=20.  
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Figure 20 Loss of uhpT results in no detectable cost during the chronic stages of UPEC 

pathogenesis 
(A) Kaplan-Meier plot depicts equivalent resolution of bacteriuria when infected with ΔuhpT compared to 
UTI89 over 4-weeks. Organ titers demonstrate no significant differences in (B) Bladder or (C) Kidney 
populations 28dpi. Statistical analysis was performed in GraphPad Prism using Mantel-Cox or Mann-
Whitney; ns = p>0.05. B, C Dots represent one mouse, n=20. 
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Loss of pykF – a newly identified route to FosR in E. coli– does not come at a fitness cost 

to UPEC. 

Previous studies of UPEC pathogenesis showed that steps in glycolysis to be expendable during 

acute infection77,78. Our work demonstrating that UPEC respires aerobically during infection220,222 

combined with further work indicating amino acid utilization during infection77,78 we hypothesized that 

single loss of pykA (Pyk II) or pykF (Pyk I) would not come at a fitness cost during infection. We thus took 

a similar approach to test the colonization potential of pykF, pykA and pykApykF during mono-

infections using the murine models discussed above.  

Given the role of the Pyk enzymes in energy metabolism and our prior observations indicating 

UPEC aerobically respires inside the urothelial cell65, we evaluated the role of each pyk in UPEC 

intracellular expansion, by incorporating an additional time-point, 6h post infection. The 6h timepoint 

marks the early development of IBCs and allows us to determine how many bacteria are intracellular by 

treating the excised bladders with gentamicin65. These experiments revealed that during acute infection, 

the numbers of whole bladder organ (Fig. 21A) or intracellular (Fig. 21B) CFUs are comparable in wild-

type UTI89, ΔpykA, ΔpykF, and ΔpykAΔpykF. Similarly, all strains had comparable kidney titers at 6h 

post infection (Fig. 21C). Strains continued to have comparable organ titers at 24hpi (Fig. 21D, E).  

We next monitored infection progression over a 28-day period. Using longitudinal urinalysis, we 

observed that ΔpykF-infected mice resolved bacteriuria equivalently to mice infected by UTI89 (Fig. 22A). 

However, the mutant deleted for the anaerobic pyruvate kinase pykA resolved bacteriuria more slowly 

(Fig. 22A). This was accompanied with ΔpykA-infected mice demonstrating significantly higher total 

bladder, but not kidney, CFUs on the 28th-day post infection (Fig. 22C, D). Conversely, while the double 

mutant pykApykF displays no virulence defects during acute infection, mice infected with this mutant 

resolved bacteriuria more rapidly (Fig. 22A), had significantly lower fecal titers over time (Fig. 22B), and 

demonstrated significantly lower total bladder and kidney CFUs on the 28th-day post infection (Fig. 22E, 
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F). Combined, these observations demonstrate that at least one new route to fosfomycin resistance in 

UPEC – inactivation of PykF– does not impair virulence and uncover that PykA and PykF are functionally 

redundant for pathogen persistence. 
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Figure 21 Loss of pyk results in no detectable fitness cost during the acute stages of UPEC 

pathogenesis 

Loss of one or both pyruvate kinases lead to no significant difference in (A) total or (B) intracellular bladder 

titers at 6 hpi. (C) Loss of the pyruvate kinases lead to no significant difference in total kidney titers 6 hpi. 

Loss of the pyruvate kinases have no effect on total (D) bladder or (E) kidney titers 24hpi. Statistical 

analysis was performed in GraphPad Prism using Kruskal-Wallis; ns = p>0.05. Dots represent one 

mouse. 

 

 

 

 

 

 

U
TI8

9

Δ
pyk

A

Δ
pyk

F

Δ
pyk

A
Δ
pyk

F
101

102

103

104

105

106

107

108

109
Kidney Titers 24hpi

C
F

U
s

/K
id

n
e

y
s

ns

ns

ns

U
TI8

9

Δ
pyk

A

Δ
pyk

F

Δ
pyk

A
Δ
pyk

F
101

102

103

104

105

106

107

108

109
Kidney Titers 6hpi

C
F

U
s

/K
id

n
e

y
s

ns

ns

ns

U
TI8

9

Δ
pyk

A

Δ
pyk

F

Δ
pyk

A
Δ
pyk

F
101

102

103

104

105

106

107

108

109
Bladder Titers 6hpi

C
F

U
s

/B
la

d
d

e
r

ns

ns

ns

U
TI8

9

Δ
pyk

A

Δ
pyk

F

Δ
pyk

A
Δ
pyk

F
101

102

103

104

105

106

107

108

109
Intracellular CFUs 6hpi

C
F

U
s

/B
la

d
d

e
r

ns

ns

ns

U
TI8

9

Δ
pyk

A

Δ
pyk

F

Δ
pyk

A
Δ
pyk

F
101

102

103

104

105

106

107

108

109
Bladder Titers 24hpi

C
F

U
s

/B
la

d
d

e
r

ns

A B C 

D E 



77 
 

Figure 22 Loss of pyk results in no detectable fitness cost during the chronic stages of UPEC 

pathogenesis 

(A) Kaplan-Meier plot depicts redundancy of loss of individual pyruvate kinases, but significantly 
increased resolution of infection over time following loss of both copies. (B) Paired fecal samples collected 
during chronic infection demonstrate significantly decreased colonization of the host gastrointestinal tract 
following loss of both pyruvate kinases. Loss of pykA led to a significant increase in (C) D28 bladder 
CFUs but no difference in (D) D28 kidneys. Loss of both pyruvate kinases significantly reduced (E) D28 
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bladder and (F) kidney CFUs. Statistical analysis was performed in GraphPad Prism using Mantel-Cox 
or Kruskal-Wallis; A-F ns = p>0.05. Dots represent one mouse, n=20. 

 

4.4 Discussion 

In past studies, NICs have been associated with high biological cost, through the observation of 

decreased growth rates in comparison to their parental strains, in limited characterization studies197,198,212. 

Here, we present the first study, to our knowledge, to critically evaluate colonization and persistence of 

NIC-associated mutations within the host. We believe that thorough understanding of the mechanisms 

leading to fosfomycin resistance is of utmost importance as the use of this antibiotic continues to increase.  

Previous work pointed to uhp system mutations as the most common route to the NIC 

phenotype196,198 and concluded that the inability to transport a key glycolysis intermediate, G6P, would 

impose substantial metabolic stress to the pathogen. We and others have demonstrated that glycolysis 

is dispensable in the bladder environment, where glucose and intermediates thereof is scarce. This work 

demonstrates that UPEC can persist in the gut without the need to import G6P, or without one of the two 

pyruvate kinases it encodes, but not both. Therefore, the notion that emergence of fosfomycin resistance 

is compounded by the need to perform glycolysis is not necessarily true. This observation is in agreement 

with previous studies by Alteri et al., who even observed a competitive advantage of ΔpykA during co-

infection studies in a different UPEC strain78, comparable to our observation of decreased resolution of 

bacteriuria in ΔpykA compared to our wild type strain (Fig. 22A). These observations imply that UPEC 

can adapt its central carbon metabolism to compensate for the loss of specific glycolytic functions, 

allowing it to maintain fitness in diverse host environments. In this case, metabolic flexibility may provide 

a selective advantage in certain niches, particularly in the gut, where alternative carbon sources are 

available. 

In limited studies, NICs with mutations in uhp genes had been shown to exhibit decreased growth 

rates in vitro, in laboratory media and in urine culture198,212. These initial characterizations contributed to 

the belief that mutationally acquired fosfomycin resistance is broadly accompanied by a high biological 
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cost. Currently, this has contributed to differences in US (CLSI) and European (EUCAST) clinical 

standards during fosfomycin testing in which EUCAST guidelines call for ignoring NICs, while CLSI calls 

for taking them into account197. However, we can clearly observe that uhp mutants expand in the bladder 

comparably to wild-type strains during the first 24h after transurethral inoculation, demonstrating that loss 

of the uhp system does not impede UPEC’s ability to establish infection (Fig. 18B-E). Moreover, following 

the chronic model of UTI, mice infected with UTI89ΔuhpBA resolved their UTI less rapidly in comparison 

to wild-type infected mice (Fig. 19A).  

While the mechanism in which uhp mutants persist longer in comparison to wild-type is not 

established in this work, based on the function of uhp, we predict potential explanations for this 

phenotype. The first deals with UPEC’s metabolic preferences in the infected bladder. G6P levels in urine 

are often at undetectable concentrations215, however, glucose is phosphorylated immediately following 

import into the eukaryotic cell223. During a UTI, UPEC would likely only experience substantial access to 

G6P during intracellular expansion. Formation of IBCs 16hpi, while not statistically different among 

ΔuhpBA infected mice, did display a trending decrease in comparison to the wild-type group (Fig. 18D, 

E). However, if this trend is carried in subsequent cycles of the pathogenic cascade, the inability to import 

this intracellular metabolite might shift UPEC to primarily inhabit the bladder lumen for the length of the 

infection, or perhaps, have an increased rate of egress from IBCs following their formation. This 

hypothesis is supported by the observation that uhp mutant total bladder populations were equivalent to 

wild-type at infection endpoints (Fig. 19B, 20B), even though urine CFUs were consistently higher among 

uhp mutant-infected mice during periodic evaluations (Fig. 19A, 20A). Similarly, if the kinetics of IBC 

formation is altered during uhp mutant UTI, it might be expected that less epithelial damage, and 

subsequently, a less immunoreactive host, might be more permissive for uhp mutants to persist in the 

bladder for longer periods of time without complete clearance. A more thorough investigation on how loss 

of uhp affects UPEC-host interactions, particularly their effect on cytokine production157 and bladder 

inflammationmarkers158 is warranted for the future.  
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While not observable in the urinary tract, it is possible that the mutants identified in this study 

display a fitness defect in other anatomical niches of the host. We are currently exploring the use of 

gastrointestinal colonization models (Chapter 2), as well as enumerating splenic CFUs following infection 

to assess bacterial fitness in the host gut and blood respectively224,225. This brings forth additional need 

to evaluate alternative routes to FosR: do these observations of low fitness cost carry over to strains 

carrying FosA or a mutation in MurA? 

Finally, based on our data, we raise the alarm that long-standing expectations of fitness costs that 

influenced EUCAST guidelines of fosfomycin AST may not be supported by in vivo studies. It is evident 

that multiple routes that lead to fosfomycin resistance do not affect UPEC pathogenesis and propose that 

EUCAST and CLSI guidelines unify how they measure fosfomycin resistant subpopulations during 

susceptibility testing. If a significant subpopulation of increased FosR mutants is present during a host 

infection, it may not be a guarantee that parental populations will outcompete the more resistant daughter 

strain, leading to potential treatment failures if fosfomycin is prescribed to the patient.  
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Chapter 5: Detection and Characterization 

of nontraditional uhpC mutations among 

UPEC clinical isolates 

5.1 Introduction 

The most common route to increased FosR among E. coli strains is through disruption of 

fosfomycin entry into the cell226 through the hexose-phosphate transporter UhpT227. Expression of uhpT 

is under the control of the UhpBAC signal transduction system (Fig. 10A). UhpC is a transmembrane 

sugar-phosphate sensor that binds G6P in the periplasmic space, resulting in a conformational change 

that allows a subsequent interaction with the UhpB histidine kinase227,228. This interaction triggers 

autophosphorylation of the histidine kinase, which then transfers the phosphoryl group to its cognate 

response regulator, UhpA. UhpA-P dimerizes and carries out its function by binding to the promoter region 

of uhpT and recruiting RNA polymerase to induce transcription initiation229,230, 231. Because fosfomycin 

enters through the same transporter, mutations that disrupt uhpT expression or any of the Uhp signaling 

components typically lead to loss of Uhp function and in lower levels of antibiotic entering the cell.  

Antibiotic resistance through mutation is extremely common in bacteria232. However, the 

increased resistance is often associated with fitness trade-offs that can impact bacterial growth, virulence, 

or susceptibility to other antimicrobials. For example, mutations in penicillin-binding proteins or alterations 

in their expression may increase β-lactam resistance, but also can lead to reduced growth rates in the 

absence of antibiotics233. Similarly, fluoroquinolone-resistant E. coli often acquire mutations in DNA 

gyrase or topoisomerase IV, inhibiting the antibiotics binding to their target, but potentially also impairing 

DNA supercoiling homeostasis and slowing replication or increasing the strain’s sensitivity to 

environmental stressors234. In some cases, resistance to one antibiotic can lead to collateral sensitivity, 

where the bacterium becomes more susceptible to a different class of drugs. For instance, 

aminoglycoside-resistant E. coli may exhibit increased sensitivity to β-lactams due to alterations in 

membrane permeability235. However, some studies have shown that antibiotic resistance lineages can 
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mitigate some of these fitness costs through compensatory mutations, allowing them to persist even in 

environments that lack antibiotics236. Understanding these trade-offs is critical for designing effective 

antibiotic stewardship strategies that exploit collateral sensitivities to suppress resistance evolution. 

Loss of the ability to import G6P is considered a biological cost of gaining increased resistance to 

fosfomycin. An E. coli strain with a disrupted uhp locus can no longer import phospho-sugars but has 

benefited from decreased fosfomycin entry. Because of this relationship, during our screening of G6P 

growth phenotypes in Chapter 3, it was originally assumed that isolated NICs with comparable growth in 

G6P media to their parent strain (Fig. 16B) likely contained non-uhp associated FosR mutations. However, 

upon sequencing analysis, several NICs among the G6P growers had mutations in uhpC, that codes for 

the G6P-binding sensor (Appendix B). To date, no studies to our knowledge have identified mutations 

in uhp system genes that selectively impair the import of either G6P or fosfomycin without also affecting 

the import of the other.  

Intriguingly, the E. coli uhpC locus shares 32.4% identity and 47.6% identity with uhpT237, the two 

genes likely having originated from an gene duplication event in the evolutionary history of the species. 

Additionally, the Chlamydia pneumoniae hexose-phosphate transporter HPTcp shares higher identity with 

E. coli UhpC (45%) than UhpT (30%), and overexpression of uhpC in a uhpT deficient background does 

restore G6P import238. Given this level of similarity, previous studies have investigated if mutations in 

uhpC can alter sensor function, or perhaps even induce transport activity. It was discovered that arginine 

replacements within the salt bridge of the protein significantly increases the protein’s transport of G6P211. 

Due to the homology between UhpC and UhpT and the observed G6P transport capabilities of UhpC, I 

hypothesized that the uhpC NIC strains that grow on G6P may have increased G6P transport through 

the mutated UhpC. If UhpC is less permissive than UhpT in the import of fosfomycin, this would allow for 

the increased FosR phenotype without negatively impacting growth with G6P. To test this hypothesis, we 

created a uhp complementation construct and induced a series of uhpC mutations of interest to gauge 

effects on G6P-derived growth and fosfomycin resistance.  
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5.2 Methods 

 

Etest® Susceptibility Testing 

Each UPEC isolate was streaked for isolation. Single colonies were picked and suspended in sterile 

saline to match to a 0.5 McFarland Standard. Suspensions were used to inoculate nonselective Mueller-

Hinton agar plates before administration of a single ETEST® strip (bioMérieux™) to the center of the 

Mueller-Hinton plate200. Plates were incubated at 37°C for 18 hours before recording result. Experiments 

were repeated at least twice for each isolate. To ensure the maintenance of pUHP plasmid constructs did 

not vary during trials, Mueller-Hinton agar used for tests was poured in-house with and without the 

presence of 100µg/mL ampicillin, for which constructs contained an AmpR loci.  

Growth conditions 

As previously detailed in Chapter 3, growth curves of parental UPEC isolates and their respective NICs 

were performed in M9 media201 supplemented with 0.4% G6P as the sole carbon source. The ΔuhpBA 

mutant strain served as a negative growth control. Clinical isolates and lab strains were streaked for 

isolation on LB agar and incubated at 37°C overnight. Cultures were created in 5mL LB from single 

colonies of each parental and paired NIC isolate and incubated at 37°C shaking overnight. Strains were 

sub-cultured in 5 mL of fresh LB in a 1:1000 ratio for 2 hours, or until growth was observed. Each 

subculture was inoculated into M9 media supplemented with 0.4% (w/v) G6P in a 1:100 ratio. Strains 

were loaded in 96 well plates and absorbance was measured at 600nm for 15-minute intervals over 16 

hours of growth with continuous orbital shaking. Instances in which growth in isolates and complement 

strains was observed were subsequently validated with further repeats. 

Whole-Genome Sequencing 

Clinical Isolate Sequencing: As detailed in Chapter 3, Clinical UPEC isolates, and their paired 

representative NICs were streaked for isolation and propagated in overnight cultures as described above. 

Aliquots of 750µL of overnight were pelleted by centrifugation and treated for genomic DNA isolation with 
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the PureLink™ Genomic DNA Kit. Parental isolates were prepared for sequencing using the Illumina DNA 

Prep Kit (catalog no. 20018705). These isolates were sequenced on an Illumina MiSeq or NextSeq 2000 

instrument producing 2x151 reads. The parental isolate reads were evaluated for quality using FastQC 

v. 0.11.9 with default options. We assessed the read files for quality by looking at the number of 

sequences with over 85% Q30 base pair reads and overall passing all checks for base quality, GC 

content, N content, length distribution, and overrepresented sequences202. Reads were trimmed using 

TrimGalore v. 0.6.7, with option –paired. The reads were assembled de novo using SPAdes v. 1.13 with 

options –isolate and for paired reads. The resulting FASTA file was finally filtered and contigs <800bp 

were removed. Code for trimming and assembly of the parental isolates can be found at 

www.github.com/gracehm. Parental FASTA files were annotated using the workspace on Bacterial and 

Viral Bioinformatics Resource Center (BV-BRC) v. 3.30.5i using the RAST tool kit203,204. NIC read files 

were mapped against their parental FASTA files using BWA-mem through BV-BRC205. Variants in the 

NICs were identified using FreeBayes 206. Variants were assessed for potential SNPs eliciting their 

increased FosR phenotype. SNPs found within coding sequences were prioritized based on a frequency 

of reads >60%.  

Primers and Plasmid Sequencing 

Complementation construct, pUHP was generated using the ptrc99a vector backbone and the insertion 

of the complete uhp operon with its nascent promoter using the Gibson Assembly® kit and manufacturer 

instructions. Successful transformants of the E. coli Top10 strain were subsequently isolated and 

propagated in 5mL LB media supplemented with 100µg/mL ampicillin. Plasmid isolation from the 

overnight cultures was performed using the Wizard® Plus SV Miniprep DNA Purification System. Site-

directed mutagenesis of pUHP to introduce premature stop codons in uhpA, uhpB, and uhpT was 

performed using the dual single-primer reaction method239 and dpnI treatment240, resulting in the pUHPC1 

construct that was transformed into E. coli Top10 (Fig. 25). Resulting constructs were verified using 

Sanger sequencing. Authentication of each construct was performed using the Plasmidsaurus service. 
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Subsequent additions of uhpC NIC-grower mutations of interest was similarly incorporated as previously 

described. The full site-directed schematic can be found in Appendix C. 

Data Availability 

Sequencing data produced from analysis of UPEC clinical isolate and NIC daughter strains were 

deposited in the NCBI Sequencing Read Archive (SRA) and Genbank. All parental isolate reads and 

assemblies are associated with BioProject Number PRJNA819016. All NIC associated reads are 

associated with BioProject Number PRJNA975897.  

 

5.5 Results 

Unique uhpC mutations were identified among G6P NIC grower strains. 

In Chapter 3, growth in nutrient deficient media supplemented with G6P as its sole carbon source 

demonstrated 3 distinct growth patterns: NIC non-growers (70/91, Fig. 16A), NIC-growers (14/91, Fig. 

16B), as well as a subset of strains in which neither the parent nor the NIC clones grew in G6P media 

(7/91, Fig. 16C). As disturbance of uhp regulatory system or the UhpT transporter itself results in 

disrupted G6P import, it was expected that all NIC-grower strains with increased FosR would display 

mutations in non uhp loci. While this expectation held true to the majority of sequenced strains (Table 3), 

variant analysis between parental and daughter NIC-grower strains determined 5 isolates with high-

confidence, high-effect mutations in the uhpC transmembrane G6P sensor (Table 5).  

To validate the NIC-grower phenotype among the isolates of interest, further growth analysis was 

performed in G6P media. Upon repeat trials, NIC uhpC mutants with the Val265Ile, Ala303Val, Lys82Arg, 

and Asn160Ser amino acid substitutions demonstrated comparable growth in G6P media in comparison 

to their respective parental isolates (Fig. 23A-C, E). The NIC uhpC mutant containing the Thr72Pro 

substitution did not display significant growth in G6P media (Fig. 23D). While no longer considered to 

elicit the NIC-grower phenotype, the Thr72Pro substitution was considered an appropriate negative 

control mutation to produce the NIC non-grower phenotype during future characterizations.  
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Subsequently, the fosfomycin MIC was evaluated among the isolates of interest using ETEST® 

susceptibility testing. All uhpC mutations notably increased fosfomycin MIC, demonstrating increases in 

FosR among the NIC daughter strains. VUTI 505 NIC containing a Val265Ile substitution in uhpC 

demonstrated a slight 4-fold increase in fosfomycin MIC to 2µg/mL (Fig. 24A). The Ala303Val substitution 

in VUTI 489 NIC demonstrated a substantial 128-fold increase in fosfomycin MIC to 64µg/mL in 

comparison to its parental isolate (Fig. 24B). The uhpC Lys82Arg substitution mutant, VUTI 116 NIC, 

demonstrated a 16-fold increase in fosfomycin MIC to 32µg/mL (Fig. 24C). The newly reclassified NIC 

non-grower mutation (Thr72Pro) in VUTI 154 NIC demonstrated a significant 256-fold increase in 

fosfomycin MIC to 128µg/mL (Fig. 24D). VUTI 204 NIC, with a Asn160Ser uhpC mutation displayed a 

64-fold increase in fosfomycin MIC, amounting to 128µg/mL. In summation, all tested uhpC mutants 

displayed detectable increases in FosR. 

 

 

Table 5 High-effect uhpC mutations identified among NIC-grower strains 
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Figure 23 Unique uhpC mutations among NIC daughter strains still permit growth with G6P. 

Growth in nutrient deficient media with G6P as the sole carbon source was monitored by absorbance 
measurement at 600nm among UPEC clinical isolates and their NIC daughter strains (A-E). Graphs 
depict combined values of 2 biological repeats of 4 technical replicates.  
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Figure 24 Unique uhpC mutations among NIC daughter strains significantly increase fosfomycin 

MIC. 

Fosfomycin MICs for clinical isolates and their paired NIC-grower daughter strains were determined by 
ETEST® (A-E). Images are representative of a minimum of 2 biological replicate trials.  
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Complementation of uhp restores growth and susceptibility phenotypes in uhp deletion strains. 

 A complementation construct was created by ligating the uhp operon under its nascent promotor 

to the ptrc99a vector backbone, generating pUHP (Fig. 25). The UTI89 isogenic uhp system knock-out 

strains were transformed with pUHP generating ΔuhpBA/pUHP, ΔuhpC/pUHP, and ΔuhpT/pUHP along 

negative control strains that held ptrc99a. The generated strains were then evaluated for growth in 

nutrient deficient media supplemented with G6P as the sole carbon source. Regardless of the uhp system 

component that was deleted, transformation of pUHP restored maximal growth in G6P media to a 

comparable level of wild-type strain UTI89 (Fig. 26A-C).  

Additionally, loss of each individual component of the uhp operon resulted in a 64-fold increase in 

fosfomycin MIC, however, pUHP failed to complement wild-type UTI89 susceptibility phenotypes during 

initial ETEST® testing (Table 6). It was hypothesized that maintenance of the plasmid in the complement 

strains was being negatively selected when exposed to fosfomycin. To test this, poured Mueller-Hinton 

agar with and without 100µg/mL ampicillin, for which ptrc99a and the resulting pUHP construct encodes 

a copy of a compatible beta-lactamase, was used for subsequent trials. Incorporation of positive selective 

pressure for pUHP maintenance was successful, as wild-type levels of fosfomycin MIC was restored in 

all tested complement strains (Table 6). 

The individual uhp deletion strains successfully complemented with pUHP, demonstrating wild-

type growth and susceptibility phenotypes. However, they now encoded two functional copies of their 

adjacent uhp genes. To prevent this influence on subsequent evaluations of uhpC mutations of interest, 

premature stop mutations were incorporated in uhpT, uhpB, and uhpA with site-directed mutagenesis 

(SDM) to generate the construct pUHPC1 (Fig. 25).  
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Figure 25 Schematic detailing the generation of the pUHP and pUHPC1 complementation 

constructs 

The uhp operon with its nascent promotor was ligated into the ptrc99a vector backbone in reverse 
orientation to the trc promotor. Subsequently, site-directed mutagenesis was used to incorporate 
premature stop mutations in uhpT, uhpB, and uhpA to generate pUHPC1. Schematics were created on 
Biorender with licensure granted to VU. 
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Figure 26 G6P growth phenotypes are restored in uhp mutants following transformation with 

pUHP 

Wild-type UTI89 alongside (A) ΔuhpBA, (B) ΔuhpC, and (C) ΔuhpT and their respective complements 
were evaluated for growth in G6P media by absorbance reading at 600nm for a period of 8 hours. 
Graphs demonstrate the mean of 3 biological replicate trials.  
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Table 6 Complementation of uhp restores fosfomycin susceptibility in tested mutants by 

ETEST® 
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NIC-grower uhpC mutations restore wild-type growth, but not susceptibility phenotypes in uhpC 

deletion strains. 

The plasmid construct, pUHPC1, was utilized to incorporate the Ala303Val, Thr72Pro, and Val265Ile 

uhpC mutations through subsequent rounds of SDM (Table 5). To determine if detectible UhpC-specific 

G6P import could be detected, transformation of pUHPC1 and its variants was performed in a UTI89 

lineage lacking both wild-type uhpC and uhpT. In the absence of an encoded hexose-phosphate 

transporter, any detectable growth in complemented strains could be attributed to the mutant uhpC 

isotypes. However, growth with G6P was not restored in the ΔuhpCT background with any pUHPC1 

construct (Fig. 27A). Growth was only restored in the ΔuhpCT background when the full operon of uhp 

was introduced on pUHP (Fig. 27A). 

Following this observation, subsequent trials with pUHPC1 were conducted in a UTI89 lineage with 

only a deletion in uhpC. This would allow for the observation of functional signal transduction of the uhp 

system when expressing the uhpC mutant isotypes. Wild-type levels of G6P-specific growth was restored 

in ΔuhpC strains transformed with a wild-type uhpC copy in pUHPC1, as well as those encoding the NIC-

grower uhpC Ala303Val and Val265Ile mutations (Fig. 27B). Strikingly, no increase in growth ability was 

seen in ΔuhpC following transformation of empty vector or the uhpC NIC non-grower Thr72Pro mutation 

(Fig. 27B). Even though G6P-specific growth was restored in strains with wild-type and NIC-grower uhpC 

isotypes, wild-type fosfomycin susceptibility was not restored in the transformed ΔuhpC strains (Table 

7). This provides evidence that the NIC-grower uhpC mutations Ala303Val and Val265Ile are in some 

manner, impeding fosfomycin entry without substantial inhibition of G6P import. 
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Figure 27 UhpC complementation construct restores growth in uhpC-deficient strains, only 

when a functional uhpT is present 

Following transformation of pUHPC1 and its substitution variants, growth in G6P media was monitored 

in the (A) ΔuhpCT and (B) ΔuhpC backgrounds. Curves represent the mean of 3 individual biological 

replicate trials. 
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Table 7 Complementation with uhpC mutations of interest restores fosfomycin susceptibility by 

ETEST® in uhpC-deficient strains 
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5.5 Discussion 

 

The current paradigm is that antibiotic resistance comes at a fitness tradeoff; my evaluations of 

common and novel routes to FosR during in vivo models of infection have demonstrated no substantial 

detriment during the acute or chronic stages of UPEC pathogenesis (Chapter 4). Moreover, among 

mutations most commonly associated with increased FosR, disruption of uhp, we detected several 

representatives that resulted in increased fosfomycin MIC without impacting the ability of the strain to 

grow with G6P. These mutations were detected amid UPEC clinical isolates from UTI patients, suggesting 

that among strains actively causing infections, mutations that distinct mechanistic pathways for 

fosfomycin resistance exist that can decouple drug from metabolite import. This work is impactful, 

because it has the potential to curb the onset and propagation of resistance to one of our most 

dependable antibiotic agents. 

Of the 5 uhpC mutations classified as NIC growers (Table 3), all resulted in an increase in 

fosfomycin MIC in comparison to their parental UPEC isolate (Figure 23A-E). These alterations in MIC 

ranged from 4- to a 256-fold increase. However, it should be noted that all NIC uhpC mutants, even with 

their increased MIC over their parental isolate, would not be classified as clinically resistant to fosfomycin 

according to CLSI standards. Even so, these significant increases in fosfomycin MIC are substantial. 

Parental UPEC clinical isolates screened during the isolations of NIC subpopulations demonstrated a 

broad range of susceptibility measurements, suggesting that for some backgrounds, a 4-fold increase in 

fosfomycin MIC would be more than sufficient to be classified as a resistant isolate according to laboratory 

standards. 

The most common route to increased FosR is through mutations of the uhp system, the primary 

route of entry for the drug196. Past studies have demonstrated expression of the hexose phosphate 

transporter uhpT is absolutely dependent on functional signal transduction performed by its upstream 

counterparts uhpC, uhpB, and uhpA (Fig. 10A and 229,241). However, the UhpC sensor and the UhpT 
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hexose-phosphate transporter share significant identity, and UhpC has been shown to permit G6P import 

following overexpression in uhpT-deficient strains237,238. Upon repeat screening, 4 out of the 5 NIC grower 

uhpC mutations demonstrated comparable G6P-specific growth in comparison to their parental strain, 

despite demonstrating increases in fosfomycin MIC (Fig. 23, 24). To our knowledge, no other studies 

have identified uhp system mutations that selectively impair fosfomycin import without an effect on G6P 

transport. Among the mutations of interest, the Val265Ile, Ala303Val, Lys82Arg, Thr72Pro substitutions 

occur in the transmembrane domains of the UhpC G6P sensor242. Altering components of 

transmembrane domains can affect import capabilities and impede interactions with other proteins or 

signal transduction243–245. In fact, a previous study demonstrated that a neighboring residue substitution 

of Arg266Cys significantly decreased UhpC-specific G6P import, and additionally increased the threshold 

for 50% uhpT induction from 3.8µM to 932µM.  

Due to the homology between UhpC and UhpT and the observed G6P transport capabilities of uhpC 

mutants, we hypothesized that the G6P import of our VUTI NIC subpopulations was supplemented G6P 

sensor UhpC, rather than relying solely on UhpT-mediated transport. If UhpC is less permissive than 

UhpT in the import of fosfomycin, this would allow for the increased FosR phenotype without negatively 

impacting growth with G6P. To test this hypothesis, we created a uhp complementation construct and 

induced a series of uhpC mutations of interest to gauge effects on G6P-derived growth and fosfomycin 

resistance (Fig. 25, Table 5). As the original pUHP construct contains the entire uhp operon, any 

individual deletion mutant of the system successfully complemented wild-type growth and susceptibility 

phenotypes following transformation (Fig. 26A-C, Table 6). This held true in UTI89ΔuhpC following 

transformation of pUHPC1 as well, as it contained only a functional copy of uhpC (Fig. 27B, Table 7). 

This establishes that growth and susceptibility phenotypes of uhp system mutants can be restored 

following complementation. 

Following incorporation of 2 of the 4 confirmed uhpC NIC-grower mutations into pUHPC1, G6P-

specific growth was not restored in the UTI89ΔuhpCT background (Fig. 27A), suggesting that contrary 



98 
 

to our initial hypothesis, the mutant uhpC alleles alone are insufficient to support hexose-phosphate 

transport. However, in the UTI89ΔuhpC background, the Ala303Val and Val265Ile pUHPC1 variants 

successfully restored G6P-specific growth, while still maintaining their increased fosfomycin MIC in 

comparison to their parental strain (Fig. 27B and Table 7). In contrast, the pUHPC1 construct containing 

the Thr72Pro mutation, which was reclassified as a NIC non-grower mutation, failed to rescue G6P 

growth alongside its increased FosR phenotype (Fig. 27B and Table 7). This modeled uncoupling of 

fosfomycin and G6P transport implies that the Ala303Val and Val265Ile mutations selectively alter UhpC 

function in a manner that reduces fosfomycin permeability without significantly affecting G6P import. 

These results highlight a novel mechanism by which UPEC can develop fosfomycin resistance while 

maintaining metabolic adaptability, warranting further structural and biochemical investigations into UhpC 

function. 
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Chapter 6: Conclusions and Future 

Directions 

6.1 Conclusions 

Prior to this work, the gut was already a well-known reservoir that UPEC inhabits before 

introduction into the urinary tract. However, a reproducible method of modeling this transit behavior had 

not been explored. My data highlights the interplay between intra-species competition and colonization 

dynamics, revealing the role of resident Enterobacterales in shaping colonization resistance experienced 

by UPEC during expansion in the host gut (Chapter 2). Envigo mice, with commensal E. coli, 

demonstrated resistance to UPEC expansion following oral introduction, whereas JAX mice, lacking 

these resident Enterobacterales, allowed stable UPEC gut colonization. The elimination of colonization 

resistance with streptomycin pre-treatment further demonstrated the role of commensal E. coli and other 

microbiome members in influencing UPEC expansion. Introduction of the commensal strain Fbt1 into 

JAX mice restored colonization resistance, eliminating the observation of spontaneous bacteriuria that 

was previously seen in the JAX background. These findings suggest that commensal E. coli actively 

competes with UPEC in the gut and vaginal environments, restricting its establishment in these 

alternative host niches. Additionally, our observation of spontaneous bacteriuria in mice with stable gut 

UPEC populations, as well as in bladder and kidney titers following gut colonization, provides a new 

model to study the gut-urogenital axis in UPEC pathogenesis, establishing a useful tool the field can now 

utilize to study how UPEC colonization progresses to symptomatic infection.  

Despite colonization resistance inhibiting UPEC gut expansion following oral administration, 

UPEC successfully colonized the gut following UTI, even in the absence of streptomycin pre-treatment. 

This suggests that an active bladder infection may enhance UPEC’s ability to establish itself in the gut or 

that a bladder reservoir provides a repeated source of reexposure sufficient to overcome colonization 

resistance. Differences in colonization dynamics between JAX and Envigo mice further emphasize the 

role of resident Enterobacterales in shaping UPEC phenotypes following infection. Altered caging 
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methods inhibiting coprophagy did not prevent UPEC gut colonization following UTI, highlighting its ability 

expand in multiple host reservoirs following infection. Notably, equilibrium of both UPEC and the 

commensal strain Fbt1 was observed in the gut following UTI, indicating that UPEC does not substantially 

displace commensal strains following successful expansion. My work has provided evidence that the 

vaginal space is an important intermediary for UPEC transit between the gut and urinary tract. Future 

studies detailed in the next section, including investigations in male mice, will further elucidate the 

dynamics of UPEC persistence and transmission in multiple host reservoirs during the optimization and 

characterization of the novel gut-genitourinary tract transit model. 

My work has also provided conclusive evidence that the majority of UPEC clinical isolates have 

the propensity to maintain fosfomycin resistant subpopulations during antimicrobial susceptibility testing 

(Chapter 3). While mutations of uhp were the most common route to this FosR phenotype as previously 

detailed by the field, my work demonstrated that novel mutations previously unassociated with fosfomycin 

resistance in E. coli were detectable by whole-genome sequencing. Loss of the pyruvate kinases 

significantly increased fosfomycin MIC of clinical and model UPEC strains. These findings further tie 

fosfomycin resistance mutations with rewiring of UPEC metabolism. A concerning observation was the 

detection of uhpC mutations that decoupled the increased fosfomycin MIC phenotype from the loss in 

ability to import and use G6P as a carbon source. Understanding these mechanisms of resistance is 

crucial as fosfomycin use increases, and further research is needed to determine their impact on UPEC 

fitness and persistence in vivo. 

A central focus of my work, previous studies suggested that fosfomycin NIC-associated mutations 

impose a high biological cost on UPEC, and that observation of these more resistant subpopulations can 

be ignored during AST. However, I provide the first in-depth evaluation of NIC-associated mutations 

during in vivo models of infection (Chapter 4), revealing that UPEC carrying these mutations can 

establish infection and efficiently persist in the host urinary tract. Given the increasing reliance on 

fosfomycin for UTI treatment, understanding the fitness implications of these mutations is critical. Our 
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findings challenge previous assumptions of the field, showing that UPEC strains with uhp system 

mutations are capable of long-term bladder colonization despite lacking the ability to import G6P. This 

aligns with prior research demonstrating that glycolysis is dispensable in the bladder, where glucose 

availability is already limited. Additionally, loss of pykA, a component of glycolysis, has been previously 

linked to a competitive advantage in UPEC. My study demonstrated that mice infected with strains lacking 

uhpBA or pykA, resolved bacteriuria less rapidly that groups infected with wild-type strains. This provides 

clear evidence that NIC-associated FosR mutations may not be as detrimental as previously deemed. 

In this sense, differences in fosfomycin resistance guidelines between the US (CLSI) and Europe 

(EUCAST) reflect ongoing uncertainty about the clinical significance of NICs. While EUCAST 

recommends ignoring NICs during susceptibility testing, CLSI advises taking them into account. Our 

findings support the latter approach, as uhp mutants persisted in the bladder comparably, and in some 

cases more efficiently than wild-type strains in chronic UTI models. These results indicate that NIC-

associated mutations may enhance UPEC’s ability to establish persistent infections rather than impairing 

fitness. Although the exact mechanism remains unclear, I hypothesize that uhp mutants may favor luminal 

colonization over the more inflammatory intracellular expansion, altering their pathogenic trajectory. In 

the following section, to continue this work I propose further studies investigating the metabolic and 

ecological adaptations of FosR and other UPEC strains, which may be essential for informing treatment 

strategies and understanding the broader implications of NICs in clinical settings. 

 

6.2 Future Directions 

This work exhibits multiple avenues for further investigation. To facilitate the transfer of these studies 

to future researchers, I have grouped the key areas of interest into overarching projects that could be 

used as a foundation for subsequent work in the laboratory. These proposals are intended to serve as 

suggestions, rather than a discrete list of next steps.  

Project 1: Optimization and Exploration of the Gut-Genitourinary Transit Model 
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Rational: E. coli is among the earliest bacteria to establish itself in the infant gut6,89, maintaining 

populations within the gastrointestinal tract for the entire life of the host. As individuals grow older, the 

diversity of E. coli strains in the gut expands148. The B2 phylogroup is the predominant lineage within the 

human gut, but also happens to be the most commonly associated with uropathogenic E. coli (UPEC) 

infection149–151. Longitudinal studies of kidney transplant recipients revealed that an E. coli relative 

abundance of 1% in fecal samples correlated with the future onset of bacteriuria17. Furthermore, 

expansions of UPEC populations in the gut have been observed prior to and during urinary infections 

caused by the same bacterial lineage15,16. These observations demonstrate the close relationship 

between UPEC and the gut, and the development of UTI. Recent studies have evaluated how 

mechanisms of adhesion and motility influence how UPEC associates in the gastrointestinal tract246, 

however, the ability to transit to other sites within the host has yet to been modeled by the field. My work 

has shown that mice demonstrate multiple instances of bacteriuria when UPEC stably colonizes the host 

gut via the oropharyngeal route (Fig. 5A-D). This is most apparent when UPEC is introduced by oral 

gavage following a streptomycin pre-treatment strategy, resulting in not only the detection of significant 

UPEC urine CFUs throughout the study, but detectable bladder and kidney titers following the endpoint 

of the experiment (Fig. 9E, F). In this project, I propose to further develop the murine Gut-Genitourinary 

Transit Model, to uncover the contributing factors to UPEC multihabitat colonization, and to visualize how 

UPEC adapts in these environments during long-term host colonization. 

 

Aim 1: Elucidate contributing factors to UPEC bidirectional host colonization. My studies 

demonstrate that UPEC transit from the Gut and Genitourinary tract can be observed during murine 

models of infection and gut colonization. However, the development of this model has left several 

questions unanswered. To comprehensively characterize this novel gut-genitourinary transit model, I 

propose to: 

1.1 Assess bidirectional transit of UPEC between the gut and urinary tract using male murine UTI and 

gut colonization models 



103 
 

1.2 Profile the gut microbiome before and after successful UPEC expansion in the host gut 

1.3 Evaluate the extent of commensal E. coli protection from UTI development following Fbt1 gut or 

vaginal recolonization after streptomycin pre-treatment 

1.4 Geographically map the gastrointestinal environment UPEC inhabits following colonization 

1.5 Compare ability of UPEC motility and adherence mutants in achieving gut-urogenital transit 

1.6 Monitor other uropathogen species’ gut-urogenital colonization dynamics using UTI and gut 

colonization models 

Aim 2: Examine in vivo evolution of UPEC following long-term host colonization and chronic 

infection. The results of this work have shown that the acquisition of common and novel FosR mutations 

resulted in no detectable cost to UPEC during the acute and chronic stages of urinary tract infection. 

These mutants, like wild-type, immediately and stably colonized the host gastrointestinal tract following 

initiation of UTI (Fig. 19D, 22B). However, this does not provide an effective method of evaluating strain 

fitness during gut habitation unless a traditional gut colonization model is also leveraged to evaluate the 

strains’ ability to colonize this UPEC reservoir. Additionally, this leads to an important line of questioning, 

to what level can strain adaptation be evaluated following stable colonization of the host gut or chronic 

infection of the urinary tract? How different is the UPEC gut population from the UPEC bladder population 

throughout 27 days of infection? Will adaptation to one host environment affect strain fitness in the 

opposing environment? Can detected routes to antibiotic resistance spontaneously occur during long-

term host colonization? To best evaluate how host-adaptation influences the colonizing strain genotype, 

I propose to: 

2.1 Track the acquisition of mutations in total UPEC gut populations following oral gavage 

2.2 Compare the acquisition of mutations in total UPEC bladder populations to the gut population 

following chronic UTI 

2.3 Determine the effect of repeated passaging on strain fitness during gut colonization or urinary 

tract infection of the host 
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2.4 Monitor the presence of fosfomycin or other antibiotic resistant UPEC subpopulations following 

stable gut colonization or persistence in the bladder 

 

Project 2: Defining the mechanism by which UPEC FosR mutations alter resistance and chronicity 

phenotypes. Rational: My work involved the utilization of whole-genome sequencing during to perform 

variant analysis between UPEC clinical isolates and their fosfomycin resistant subpopulations (Appendix 

B). This resulted in the identification of both common and novel routes to fosfomycin in UPEC137. Loss of 

the pyruvate kinases dramatically increased fosfomycin MIC during susceptibility testing (Fig. 17B), 

however, the mechanism of this increased resistance phenotype is yet to be uncovered. Additionally, 

among the most common route to increased FosR in UPEC, multiple mutations in the uhp system were 

identified that increased fosfomycin MIC, without demonstrating the expected loss of G6P utilization for 

growth (Fig. 23, 24). The mechanism in which uhp disruption increases FosR is well studied, as loss of 

hexose phosphate transporter UhpT, or its regulatory system UhpBAC, would also lose the main route of 

import for the antibiotic179. However, the detected uhpC mutants do not follow this canonical tradeoff, 

suggesting that unique mutations within the system exist that exhibit no detectable detriment to the 

pathogen. Not only are fitness costs not seen during the acute and chronic stages of infection, but 

particularly during chronic UTI models, uhp system mutants demonstrated decreased rates of resolution 

of bacteriuria in comparison to wild-type strains (Fig. 19A, 20A). This observation could be considered a 

fitness advantage to the infecting strain, successfully persisting in the host urinary tract considerably 

longer than it otherwise would have with a functional uhp system. A similar urinary tract persistence 

phenotype was seen in the UTI89ΔpykA mutant, consistent with competitive advantages seen by the field 

using competitive infection models78. While these differences could potentially be due to a change in 

ability to colonize alternative host niches, this may also be attributed to alterations in the pathogenic 

cascade of UPEC, or in the host response to the infection. In this project I propose to uncover these 

routes to resistance and increased persistence in the host, which would be an invaluable contribution to 

the clinical field as fosfomycin usage continues to rise. 
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Aim 1: Elucidate mechanisms of increased FosR in UPEC following loss of the pyruvate kinases 

and after acquisition of detected uhpC mutations. Following loss of the pyruvate kinases, my work 

demonstrated a 64-fold increase in fosfomycin MIC, reminiscent to that observed in the clinical UPEC 

isolate VUTI 519 NIC which held a premature stop mutation in pykF (Table 4, Fig. 17B). The pyruvate 

kinases are key allosteric enzymes of glycolysis, converting phosphoenolpyruvate into pyruvate that is 

subsequently utilized in the tricarboxylic acid cycle (Fig. 10C and 247). Pyk I, encoded by pykF, is activated 

by fructose 1,6-bisphosphate, and following its loss the E. coli cell demonstrates significant fluctuations 

of pyruvate concentrations248,249. Pyk II, encoded by pykA, has been found to be regulated by several 

sugar phosphates but is more associated with essentiality during anaerobic growth250,251. This draws in a 

close resemblance to fosfomycin, a phosphoenolpyruvate analog that is imported alongside a variety of 

sugar phosphates that that binds MurA in place of PEP, inhibiting the initiation step of peptidoglycan 

synthesis. While loss of these enzymes theoretically could increase intracellular PEP, competitively 

inhibiting fosfomycin binding activity, this was not seen to be cause of increased FosR in 

Stenotrophomonas maltophilia252. In the wild type setting, G6P binding to the UhpC hexose phosphate 

sensor leads to its interaction with the histidine kinase UhpB, which auto-phosphorylates, passes the 

phosphoryl group to UhpA and UhpA~P then induces the expression of hexose phosphate transporter 

UhpT (Fig. 10A). Disruption of the transporter by mutation, or any of the signaling components results in 

ablation of G6P import, as well as decreased entry of fosfomycin. However, my work demonstrated 

multiple instances in which mutations of the uhpC G6P sensor resulted in NIC daughter strains exhibiting 

comparable G6P growth to their parental strain, while still maintaining an increased FosR phenotype (Fig. 

23, 24). Not only did these NIC grower phenotypes successfully carry over following complementation, 

but their increased fosfomycin MIC was maintained in backgrounds that still encoded functional uhpT 

(Fig. 27B and Table 7). There are still two uhpC mutation constructs that need to be generated, before 

profiling levels of uhpT expression, and determining if UhpC-specific association or import of G6P can be 

quantified via differential radial capillary action of ligand assays (DRaCALA)253 or other methods. To better 

understand to mechanisms in which these unique mutations are eliciting increased FosR ,I propose to: 
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1.1 Measure intracellular phosphoenolpyruvate concentrations following loss of the pyruvate kinases. 

1.2 Determine if supplementation of glycolysis intermediates affects FosR phenotypes.  

1.3 Monitor decoupled G6P growth defects and FosR phenotypes in remaining uhpC mutations of 

interest 

1.4 Evaluate uhpT expression by qRT-PCR following loss of pyk or following acquisition of unique 

uhpC mutations. 

1.5 Measure UhpC-mediated G6P import in uhpT-deficient strains.  

Aim 2: Determine the mechanism in which UPEC more efficiently persists in host urinary tract 

following disruption of uhp and pykA. Following introduction into the urinary tract, UPEC binds and 

invades the superficial bladder epithelial cells in a manner that depends on the FimH adhesin60. Entry 

into the cell is followed by replication in the host cell cytosol, where UPEC forms intracellular bacterial 

communities (IBCs) with biofilm-like properties254. IBCs enlarge over time and by 12-16h post infection 

(hpi), bacteria filament and disperse out of the IBC to infect neighboring bladder cells. During the 4-week 

infection model, I observed that mice infected with the ΔuhpBA and ΔpykA strains resolved bacteriuria 

more slowly compared to mice infected with WT (Fig. 19A, 22A). Loss of uhp system components is 

accompanied by an inability to import G6P, a metabolite that should be at significantly higher levels 

intracellularly than in the bladder lumen210. Prolonged bacteriuria may be attributed to a decrease in the 

intracellular proportion over time or perhaps an increase in IBC flux by FosR mutant strains. A contributing 

factor may also be a less severe host immune response to the FosR mutant infection, similar to what has 

been reported during recurrent UTI158. Investigating differences in histopathology during acute and 

chronic infection time points, as well as monitoring host IL6, CXCL1, and CCL2 levels255 can be used to 

better evaluate why these mutants seem to display fitness advantages over their parental strain. To best 

gauge the root cause of decreased resolution of bacteriuria following acquisition of FosR, I propose to: 

2.1 Evaluate intracellular replicative potential and flux of FosR mutants from bladder epithelial cells 

2.2 Compare intracellular and luminal FosR mutant populations during chronic infection models 
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2.3 Define differences in bladder epithelial cell remodeling in mice infected with FosR mutants 

2.4 Quantify markers of host immune response following infection with FosR mutants 

2.5 Assess FosR mutant gut colonization potential and ability to transit to the genitourinary tract 
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Appendix 

Appendix A Deidentified Patient Data and NIC counts of UPEC 

clinical Isolates 

Record 

ID

VUTI 

Number

Prior isolate 

designation

Average Fosfomycin 

NIC Count
Species Date Collected Diabetes Disease Type Age Sex Immunocompromised Immucompromised explanation

1 VUTI 113 11.5 Escherichia coli 9/14/2016 No Cystitis 18-35 Female No

2 VUTI 114 78.5 Escherichia coli 9/14/2016 No Asymptomatic bacteriuria 18-35 Female No

3 VUTI 115 5.5 Escherichia coli 9/14/2016 No Pyelonephritis 18-35 Female No

4 VUTI 116 0.5 Escherichia coli 9/14/2016 No Cystitis 71-80 Female No Yes

5 VUTI 117 2.5 Escherichia coli 9/14/2016 No Cystitis 18-35 Female No

6 VUTI 118 12 Escherichia coli 9/14/2016 Yes Cystitis 51-60 Female No

7 VUTI 119 16.5 Escherichia coli 9/14/2016 No Cystitis 71-80 Female No Yes

8 VUTI 120 16.5 Escherichia coli 9/14/2016 Yes Cystitis 36-50 Female No

10 VUTI 122 5.5 Escherichia coli 9/14/2016 No Asymptomatic bacteriuria 61-70 Female No Yes

11 VUTI 123 4 Escherichia coli 9/14/2016 Yes Cystitis 61-70 Female No Yes

12 VUTI 124 5 Escherichia coli 9/14/2016 No Cystitis 61-70 Male Yes Recent chemo for SCLC

13 VUTI 125 0 Escherichia coli 9/14/2016 No Cystitis 18-35 Female No

14 VUTI 126 1.5 Escherichia coli 9/14/2016 No Cystitis 18-35 Female No

15 VUTI 127 0.5 Escherichia coli 9/14/2016 Yes Asymptomatic bacteriuria 51-60 Female No

16 VUTI 128 5 Escherichia coli 9/14/2016 Yes Cystitis 71-80 Female No

17 VUTI 129 2 Escherichia coli 9/14/2016 No Cystitis 18-35 Female No

18 VUTI 130 1 Escherichia coli 9/14/2016 No Cystitis 71-80 Male Yes ESRD with HAD/ chemotherapy

19 VUTI 131 34.5 Escherichia coli 9/14/2016 No Cystitis 61-70 Female No Yes

20 VUTI 132 33 Escherichia coli 9/14/2016 Yes Asymptomatic bacteriuria 61-70 Female No

21 VUTI 133 9.5 Escherichia coli 9/14/2016 Yes Asymptomatic bacteriuria 36-50 Female No

22 VUTI 134 12.5 Escherichia coli 9/14/2016 No Cystitis 61-70 Female No

23 VUTI 135 10.5 Escherichia coli 9/14/2016 No Cystitis 51-60 Female No

24 VUTI 136 5.5 Escherichia coli 9/15/2016 Yes Pyelonephritis 61-70 Female No Yes

25 VUTI 137 14.5 Escherichia coli 9/15/2016 No Asymptomatic bacteriuria 61-70 Female No Yes

26 VUTI 138 1.5 Escherichia coli 9/15/2016 Yes Cystitis 18-35 Male No Yes

27 VUTI 139 15 Escherichia coli 9/15/2016 No Asymptomatic bacteriuria 36-50 Female No

28 VUTI 140 16 Escherichia coli 9/15/2016 No Asymptomatic bacteriuria 61-70 Female Yes moribund post-surgical patient

29 VUTI 141 19.5 Escherichia coli 9/15/2016 No Cystitis 81+ Male No

30 VUTI 142 12.5 Escherichia coli 9/15/2016 No Asymptomatic bacteriuria 71-80 Female No

31 VUTI 143 12 Escherichia coli 9/15/2016 No Cystitis 51-60 Female No Yes

32 VUTI 144 8 Escherichia coli 9/19/2016 No Asymptomatic bacteriuria 71-80 Female No Yes

33 VUTI 145 2 Escherichia coli 9/19/2016 No Cystitis 18-35 Female No

34 VUTI 146 2.5 Escherichia coli 9/19/2016 No Cystitis 36-50 Female No Yes

35 VUTI 147 3.5 Escherichia coli 9/19/2016 No Pyelonephritis 36-50 Female No Yes

36 VUTI 148 2.5 Escherichia coli 9/19/2016 No Cystitis 18-35 Female No

37 VUTI 149 4 Escherichia coli 9/19/2016 No Cystitis 61-70 Female No Yes

38 VUTI 150 18 Escherichia coli 9/19/2016 No Pyelonephritis 51-60 Female No

39 VUTI 151 3 Escherichia coli 9/19/2016 No Asymptomatic bacteriuria 18-35 Female No

40 VUTI 152 2.5 Escherichia coli 9/19/2016 No Cystitis 51-60 Female No

42 VUTI 154 4.5 Escherichia coli 9/19/2016 No Pyelonephritis 18-35 Female No Yes

44 VUTI 156 21.5 Escherichia coli 9/19/2016 No Asymptomatic bacteriuria 61-70 Female No Yes

45 VUTI 157 13 Escherichia coli 9/19/2016 No Cystitis 18-35 Female No Yes

46 VUTI 158 9 Escherichia coli 9/19/2016 Yes Asymptomatic bacteriuria 71-80 Male No Yes

47 VUTI 159 0 Escherichia coli 9/19/2016 Yes Bacteremia from urinary source 61-70 Male No Yes

48 VUTI 160 2 Escherichia coli 9/19/2016 No Pyelonephritis 36-50 Female No

49 VUTI 161 0.5 Escherichia coli 9/19/2016 No Asymptomatic bacteriuria 18-35 Female No

50 VUTI 162 2 Escherichia coli 9/19/2016 No Asymptomatic bacteriuria 18-35 Female No

51 VUTI 163 13 Escherichia coli 9/19/2016 No Cystitis 36-50 Female No

52 VUTI 164 3.5 Escherichia coli 9/19/2016 No Cystitis 18-35 Female No

53 VUTI 165 6.5 Escherichia coli 9/19/2016 No Cystitis 81+ Female No

54 VUTI 166 54 Escherichia coli 9/19/2016 Yes Asymptomatic bacteriuria 36-50 Male No Yes

55 VUTI 167 14.5 Escherichia coli 9/19/2016 No Asymptomatic bacteriuria 51-60 Female No

56 VUTI 168 5.5 Escherichia coli 9/19/2016 No Cystitis 36-50 Female No

57 VUTI 169 4.5 Escherichia coli 9/19/2016 No Pyelonephritis 36-50 Female Yes _-TNF therapy for RA

58 VUTI 170 14.5 Escherichia coli 9/19/2016 No Asymptomatic bacteriuria 36-50 Female No

59 VUTI 171 0 Escherichia coli 9/19/2016 No Cystitis 51-60 Female No

60 VUTI 172 19 Escherichia coli 9/19/2016 No Cystitis 18-35 Female No

61 VUTI 173 9.5 Escherichia coli 9/19/2016 No Cystitis 18-35 Female No

62 VUTI 174 11 Escherichia coli 9/19/2016 No Cystitis 51-60 Female No

63 VUTI 175 14.5 Escherichia coli 9/19/2016 No Cystitis 61-70 Female No

64 VUTI 176 11.5 Escherichia coli 9/19/2016 No Asymptomatic bacteriuria 71-80 Female No

65 VUTI 177 18 Escherichia coli 9/19/2016 No Asymptomatic bacteriuria 51-60 Male No

66 VUTI 178 23.5 Escherichia coli 9/21/2016 No Asymptomatic bacteriuria 51-60 Male No Yes

67 VUTI 179 20.5 Escherichia coli 9/21/2016 Yes Asymptomatic bacteriuria 71-80 Female No

68 VUTI 180 15.5 Escherichia coli 9/21/2016 No Cystitis 36-50 Female No

69 VUTI 181 10.5 Escherichia coli 9/21/2016 No Cystitis 61-70 Female No Yes

70 VUTI 182 5.5 Escherichia coli 9/21/2016 No Cystitis 36-50 Female No

71 VUTI 183 2 Escherichia coli 9/21/2016 No Asymptomatic bacteriuria 51-60 Female No

72 VUTI 184 30 Escherichia coli 9/21/2016 No Cystitis 36-50 Male No

73 VUTI 185 12 Escherichia coli 9/21/2016 No Cystitis 36-50 Female Yes rejection Rx (prednisone, cellcept, tacrolimus)

74 VUTI 186 12.5 Escherichia coli 9/21/2016 Yes Cystitis 81+ Male No Yes

75 VUTI 187 4.5 Escherichia coli 9/21/2016 Yes Cystitis 71-80 Female No

76 VUTI 188 157 Escherichia coli 9/21/2016 No Cystitis 18-35 Female No

77 VUTI 189 63.5 Escherichia coli 9/21/2016 No Cystitis 71-80 Female No Yes

78 VUTI 190 7 Escherichia coli 9/21/2016 No Asymptomatic bacteriuria 71-80 Female No

79 VUTI 191 18 Escherichia coli 9/21/2016 No Bacteremia from urinary source 51-60 Male No Yes

81 VUTI 193 7.5 Escherichia coli 9/21/2016 No Cystitis 18-35 Female No

82 VUTI 194 6 Escherichia coli 9/22/2016 No Cystitis 18-35 Female No

83 VUTI 195 18 Escherichia coli 9/22/2016 No Asymptomatic bacteriuria 81+ Female Yes Chemo for DLBCL

84 VUTI 196 7.5 Escherichia coli 9/22/2016 No Cystitis 18-35 Female No Yes

85 VUTI 197 132 Escherichia coli 9/22/2016 No Cystitis 51-60 Female No Yes

86 VUTI 198 19 Escherichia coli 9/22/2016 No Cystitis 18-35 Female No

87 VUTI 199 16.5 Escherichia coli 9/22/2016 No Pyelonephritis 18-35 Female No

88 VUTI 200 14.5 Escherichia coli 9/22/2016 No Cystitis 61-70 Male No Yes

89 VUTI 201 19.5 Escherichia coli 9/22/2016 Yes Cystitis 51-60 Female No Yes
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90 VUTI 202 33.5 Escherichia coli 9/22/2016 No Cystitis 51-60 Female No Yes

91 VUTI 203 6 Escherichia coli 9/26/2016 No Cystitis 36-50 Male No Yes

92 VUTI 204 49 Escherichia coli 9/26/2016 No Cystitis 51-60 Female No

93 VUTI 205 29 Escherichia coli 9/26/2016 Yes Bacteremia from urinary source 61-70 Female Yes rejection Rx (prednisone, prograf, mycophen)

95 VUTI 207 35.5 Escherichia coli 9/26/2016 No Cystitis 36-50 Female No

96 VUTI 208 1 Escherichia coli 9/26/2016 No Cystitis 51-60 Female Yes Myesthenia gravis w/ prednisone + PLEX

98 VUTI 210 17.5 Escherichia coli 9/26/2016 No Cystitis 51-60 Male No Yes

101 VUTI 213 29.5 Escherichia coli 9/26/2016 No Cystitis 71-80 Female No

102 VUTI 214 13 Escherichia coli 9/26/2016 No Pyelonephritis 18-35 Female Yes Methotrexate + _IL6 for RA

103 VUTI 215 14.5 Escherichia coli 9/26/2016 No Cystitis 61-70 Female No

104 VUTI 216 14 Escherichia coli 9/26/2016 No Cystitis 71-80 Male No Yes

105 VUTI 217 12.5 Escherichia coli 9/26/2016 No Cystitis 18-35 Female No

106 VUTI 218 0 Escherichia coli 9/26/2016 Yes Asymptomatic bacteriuria 71-80 Female Yes Mycophelate mofetil (myesthenia gravis)

107 VUTI 219 12 Escherichia coli 9/26/2016 No Asymptomatic bacteriuria 18-35 Female No

108 VUTI 220 12 Escherichia coli 9/26/2016 No Asymptomatic bacteriuria 18-35 Female No

109 VUTI 221 1.5 Escherichia coli 9/26/2016 No Cystitis 71-80 Female No Yes

110 VUTI 222 15 Escherichia coli 9/26/2016 No Pyelonephritis 36-50 Female No

111 VUTI 223 10.5 Escherichia coli 9/26/2016 No Cystitis 18-35 Female No

112 VUTI 224 6.5 Escherichia coli 9/26/2016 No Cystitis 36-50 Female No

113 VUTI 225 62 Escherichia coli 9/26/2016 No Cystitis 18-35 Female No

114 VUTI 226 12 Escherichia coli 9/26/2016 Yes Asymptomatic bacteriuria 51-60 Female Yes Rejection Rx (prograft, MM, prednisone)

115 VUTI 227 11.5 Escherichia coli 9/26/2016 No Asymptomatic bacteriuria 18-35 Female No

116 VUTI 228 18.5 Escherichia coli 9/26/2016 No Cystitis 61-70 Female No Yes

117 VUTI 229 24 Escherichia coli 9/26/2016 No Pyelonephritis 36-50 Female No

118 VUTI 230 8 Escherichia coli 9/26/2016 No Cystitis 61-70 Female No

119 VUTI 231 74 Escherichia coli 10/4/2016 No Asymptomatic bacteriuria 71-80 Female No

120 VUTI 232 28.5 Escherichia coli 10/4/2016 No Cystitis 51-60 Female No

121 VUTI 233 147 Escherichia coli 10/4/2016 No Cystitis 18-35 Female No

122 VUTI 234 30 Escherichia coli 10/4/2016 No Cystitis 18-35 Female No

123 VUTI 235 51.5 Escherichia coli 10/4/2016 No Asymptomatic bacteriuria 36-50 Female No

124 VUTI 236 26.5 Escherichia coli 10/4/2016 No Cystitis 61-70 Female No

125 VUTI 237 20.5 Escherichia coli 10/4/2016 No Cystitis 71-80 Female No

126 VUTI 238 18 Escherichia coli 10/4/2016 No Cystitis 71-80 Female No

127 VUTI 239 18 Escherichia coli 10/4/2016 No Cystitis 18-35 Female No

128 VUTI 240 19 Escherichia coli 10/4/2016 No NOS 61-70 Male No Yes

129 VUTI 241 15 Escherichia coli 10/4/2016 No Asymptomatic bacteriuria 71-80 Female No Yes

130 VUTI 242 5 Escherichia coli 10/4/2016 No Cystitis 61-70 Female No Yes

131 VUTI 243 28 Escherichia coli 10/4/2016 No Asymptomatic bacteriuria 51-60 Female Yes transplant RX (prednisone,  tacrolimus)

132 VUTI 244 18 Escherichia coli 10/4/2016 No Cystitis 61-70 Female No

133 VUTI 245 7.5 Escherichia coli 10/4/2016 Yes Asymptomatic bacteriuria 81+ Female No

134 VUTI 246 17.5 Escherichia coli 10/4/2016 No Asymptomatic bacteriuria 18-35 Female No

135 VUTI 247 3.5 Escherichia coli 10/4/2016 Yes NOS 51-60 Female No

136 VUTI 248 117.5 Escherichia coli 10/4/2016 No Cystitis 18-35 Female No

137 VUTI 249 2 Escherichia coli 10/4/2016 No Cystitis 71-80 Female No

138 VUTI 250 6.5 Escherichia coli 10/4/2016 No Cystitis 18-35 Female No

139 VUTI 251 5.5 Escherichia coli 10/4/2016 No Pyelonephritis 18-35 Female No

140 VUTI 252 45.5 Escherichia coli 10/4/2016 No Cystitis 61-70 Female No

141 VUTI 253 8.5 Escherichia coli 10/4/2016 No Asymptomatic bacteriuria 61-70 Female No

142 VUTI 254 8 Escherichia coli 10/4/2016 No Cystitis 61-70 Female No

143 VUTI 255 3 Escherichia coli 10/4/2016 No Asymptomatic bacteriuria 61-70 Male No

144 VUTI 256 4 Escherichia coli 10/4/2016 No Cystitis 71-80 Female No

145 VUTI 257 0 Escherichia coli 10/4/2016 Yes Asymptomatic bacteriuria 61-70 Female No

147 VUTI 259 3 Escherichia coli 10/4/2016 No Asymptomatic bacteriuria 61-70 Female No

148 VUTI 260 8 Escherichia coli 10/4/2016 No Cystitis 61-70 Female No

149 VUTI 261 5.5 Escherichia coli 10/4/2016 No Cystitis 61-70 Female No

150 VUTI 262 6.5 Escherichia coli 10/4/2016 Yes Asymptomatic bacteriuria 71-80 Male No

151 VUTI 263 17.5 Escherichia coli 10/4/2016 No Cystitis 71-80 Female No

152 VUTI 264 29 Escherichia coli 10/4/2016 No Cystitis 18-35 Female No

153 VUTI 265 8.5 Escherichia coli 10/4/2016 No Cystitis 61-70 Female No

154 VUTI 266 30.5 Escherichia coli 10/4/2016 No Cystitis 18-35 Female No

155 VUTI 267 19 Escherichia coli 10/4/2016 Yes Asymptomatic bacteriuria 51-60 Female No

157 VUTI 269 40 Escherichia coli 10/4/2016 No Asymptomatic bacteriuria 36-50 Female No

158 VUTI 270 4 Escherichia coli 10/4/2016 No Cystitis 36-50 Female No

159 VUTI 271 7.5 Escherichia coli 10/4/2016 No Asymptomatic bacteriuria 51-60 Female No

160 VUTI 272 30.5 Escherichia coli 10/4/2016 No Cystitis 81+ Female No

161 VUTI 273 663 Escherichia coli 10/4/2016 No Asymptomatic bacteriuria 36-50 Female No

162 VUTI 274 15.5 Escherichia coli 10/4/2016 No Asymptomatic bacteriuria 18-35 Female Yes _- rejection Rx (cellcept, prednisone, prograf)

163 VUTI 275 19.5 Escherichia coli 10/4/2016 No Cystitis 18-35 Female No

164 VUTI 276 16.5 Escherichia coli 10/4/2016 Yes Asymptomatic bacteriuria 71-80 Female Yes _- rejection Rx (prednisone, tacrolimus)

165 VUTI 277 20.5 Escherichia coli 10/4/2016 No NOS 61-70 Female No

166 VUTI 278 4.5 Escherichia coli 10/4/2016 No Asymptomatic bacteriuria 81+ Female No

167 VUTI 279 83.5 Escherichia coli 10/4/2016 Yes Asymptomatic bacteriuria 61-70 Female No

168 VUTI 280 34.5 Escherichia coli 10/4/2016 No Asymptomatic bacteriuria 36-50 Female No

169 VUTI 281 27.5 Escherichia coli 10/4/2016 No Cystitis 18-35 Male No

170 VUTI 282 44 Escherichia coli 10/4/2016 No Cystitis 36-50 Female No

171 VUTI 283 4.5 Escherichia coli 10/4/2016 Yes NOS 61-70 Female No

172 VUTI 284 5 Escherichia coli 10/4/2016 Yes Asymptomatic bacteriuria 51-60 Female No

173 VUTI 285 74.5 Escherichia coli 10/4/2016 No Asymptomatic bacteriuria 81+ Female No

174 VUTI 286 51 Escherichia coli 10/5/2016 No Cystitis 51-60 Female No

175 VUTI 287 55 Escherichia coli 10/5/2016 No Cystitis 61-70 Female Yes methotrexate for RA

176 VUTI 288 20.5 Escherichia coli 10/5/2016 No Cystitis 51-60 Female No

177 VUTI 289 37 Escherichia coli 10/5/2016 No Asymptomatic bacteriuria 51-60 Female No

178 VUTI 290 27 Escherichia coli 10/5/2016 No Cystitis 51-60 Female No

179 VUTI 291 4 Escherichia coli 10/5/2016 No Asymptomatic bacteriuria 71-80 Male No

180 VUTI 292 43 Escherichia coli 10/5/2016 No Asymptomatic bacteriuria 18-35 Female No

181 VUTI 293 19.5 Escherichia coli 10/5/2016 No Cystitis 61-70 Male No

182 VUTI 294 15 Escherichia coli 10/5/2016 No Cystitis 81+ Female No

183 VUTI 295 19 Escherichia coli 10/5/2016 Yes Asymptomatic bacteriuria 61-70 Female No

184 VUTI 296 46 Escherichia coli 10/5/2016 Yes Cystitis 61-70 Female No

185 VUTI 297 9.5 Escherichia coli 10/5/2016 No Cystitis 61-70 Male No

186 VUTI 298 12.5 Escherichia coli 10/5/2016 No Asymptomatic bacteriuria 81+ Female No

187 VUTI 299 6 Escherichia coli 10/5/2016 Yes Asymptomatic bacteriuria 61-70 Female No

188 VUTI 300 23.5 Escherichia coli 10/5/2016 No Cystitis 71-80 Female No

189 VUTI 301 16.5 Escherichia coli 10/5/2016 Yes Cystitis 61-70 Female No

190 VUTI 302 49.5 Escherichia coli 10/5/2016 No Asymptomatic bacteriuria 18-35 Female No

191 VUTI 303 20 Escherichia coli 10/5/2016 No Cystitis 36-50 Female Yes _- rejection Rx; current chemotherapy for cervical cancer

192 VUTI 304 12.5 Escherichia coli 10/5/2016 No Cystitis 18-35 Female No

193 VUTI 305 26.5 Escherichia coli 10/5/2016 No Cystitis 61-70 Male No

194 VUTI 306 6.5 Escherichia coli 10/5/2016 No Cystitis 51-60 Male No

195 VUTI 307 6 Escherichia coli 10/5/2016 No Cystitis 61-70 Female No
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196 VUTI 308 15.5 Escherichia coli 10/5/2016 No Pyelonephritis 36-50 Female No

197 VUTI 309 3 Escherichia coli 10/5/2016 Yes Pyelonephritis 36-50 Female No

198 VUTI 310 3 Escherichia coli 10/5/2016 Yes Cystitis 61-70 Female Yes Chemotherapy (endometrial cancer)

199 VUTI 311 8.5 Escherichia coli 10/5/2016 Yes Pyelonephritis 51-60 Male No

200 VUTI 312 23 Escherichia coli 10/5/2016 No Cystitis 18-35 Female No

201 VUTI 313 5 Escherichia coli 10/5/2016 No Asymptomatic bacteriuria 51-60 Female No

202 VUTI 314 8.5 Escherichia coli 10/5/2016 No Cystitis 18-35 Female No

203 VUTI 315 22.5 Escherichia coli 10/5/2016 No Asymptomatic bacteriuria 18-35 Female No

204 VUTI 316 5 Escherichia coli 10/5/2016 No Cystitis 36-50 Female No

205 VUTI 317 12.5 Escherichia coli 10/5/2016 No Cystitis 51-60 Female No

206 VUTI 318 7 Escherichia coli 10/5/2016 No Asymptomatic bacteriuria 81+ Female No

207 VUTI 319 3.5 Escherichia coli 10/5/2016 No Asymptomatic bacteriuria 18-35 Female No

208 VUTI 320 3.5 Escherichia coli 10/5/2016 Yes Cystitis 81+ Female No

209 VUTI 321 11.5 Escherichia coli 10/5/2016 No Cystitis 71-80 Female No

210 VUTI 322 5.5 Escherichia coli 10/5/2016 No Cystitis 61-70 Female Yes Chemotherapy for renal cell carcima

211 VUTI 323 18.5 Escherichia coli 10/5/2016 No NOS 18-35 Female No

212 VUTI 324 10.5 Escherichia coli 10/5/2016 No Asymptomatic bacteriuria 18-35 Female No

213 VUTI 325 7.5 Escherichia coli 10/5/2016 No Cystitis 71-80 Female No

214 VUTI 326 14 Escherichia coli 10/5/2016 Yes Asymptomatic bacteriuria 71-80 Female No

215 VUTI 327 19 Escherichia coli 10/5/2016 No Cystitis 81+ Female No

216 VUTI 328 58 Escherichia coli 10/5/2016 No Asymptomatic bacteriuria 36-50 Female No

217 VUTI 329 6.5 Escherichia coli 10/5/2016 No Cystitis 51-60 Male No

218 VUTI 330 7.5 Escherichia coli 10/5/2016 No NOS 61-70 Male No

219 VUTI 331 2.5 Escherichia coli 10/5/2016 No NOS 36-50 Female No

220 VUTI 332 15.5 Escherichia coli 10/12/2016 No Asymptomatic bacteriuria 36-50 Female Yes _- rejection Rx (prograf, MMF, prednisone)

221 VUTI 333 4 Escherichia coli 10/12/2016 No Cystitis 18-35 Female No

222 VUTI 334 8.5 Escherichia coli 10/12/2016 No Asymptomatic bacteriuria 61-70 Female No

223 VUTI 335 73 Escherichia coli 10/12/2016 No Cystitis 51-60 Female No

225 VUTI 337 2 Escherichia coli 10/12/2016 No Cystitis 71-80 Female No

226 VUTI 338 4.5 Escherichia coli 10/12/2016 No Cystitis 51-60 Female No

227 VUTI 339 7.5 Escherichia coli 10/12/2016 No Cystitis 61-70 Male No

228 VUTI 340 9.5 Escherichia coli 10/12/2016 No Cystitis 71-80 Female Yes Methotrexate + prednisone for RA

229 VUTI 341 57 Escherichia coli 10/12/2016 No Pyelonephritis 36-50 Female No

230 VUTI 342 31 Escherichia coli 10/12/2016 No Cystitis 18-35 Female No

231 VUTI 343 6 Escherichia coli 10/12/2016 No Cystitis 18-35 Female No

232 VUTI 344 1560 Escherichia coli 10/12/2016 No Asymptomatic bacteriuria 18-35 Female No

233 VUTI 345 6 Escherichia coli 10/12/2016 No Cystitis 51-60 Female Yes Radiation for metastatic ovarian cancer

234 VUTI 346 85 Escherichia coli 10/12/2016 No Cystitis 71-80 Female No

235 VUTI 347 16.5 Escherichia coli 10/12/2016 No Cystitis 81+ Female No

236 VUTI 348 19 Escherichia coli 10/12/2016 No Cystitis 36-50 Female No

237 VUTI 349 71.5 Escherichia coli 10/12/2016 Yes Cystitis 81+ Male No

238 VUTI 350 29.5 Escherichia coli 10/12/2016 Yes Asymptomatic bacteriuria 81+ Female No

239 VUTI 351 6.5 Escherichia coli 10/12/2016 No Asymptomatic bacteriuria 81+ Female No

240 VUTI 352 7.5 Escherichia coli 10/12/2016 No Asymptomatic bacteriuria 61-70 Female No

241 VUTI 353 24.5 Escherichia coli 10/12/2016 No Cystitis 71-80 Female No

242 VUTI 354 11.5 Escherichia coli 10/12/2016 No Cystitis 81+ Female No

243 VUTI 355 16 Escherichia coli 10/12/2016 Yes Cystitis 61-70 Female No

244 VUTI 356 8.5 Escherichia coli 10/12/2016 No Cystitis 71-80 Female No

246 VUTI 358 20.5 Escherichia coli 10/12/2016 No Pyelonephritis 51-60 Female No

247 VUTI 359 1 Escherichia coli 10/12/2016 No Asymptomatic bacteriuria 36-50 Female No

248 VUTI 360 279 Escherichia coli 10/12/2016 No Cystitis 61-70 Male No

249 VUTI 361 33.5 Escherichia coli 10/12/2016 No Cystitis 71-80 Female No

250 VUTI 362 18 Escherichia coli 10/12/2016 No Cystitis 18-35 Female No

251 VUTI 363 7.5 Escherichia coli 10/12/2016 No NOS 18-35 Female No

252 VUTI 364 6 Escherichia coli 10/12/2016 Yes Cystitis 61-70 Male No

253 VUTI 365 11.5 Escherichia coli 10/12/2016 No Cystitis 18-35 Female No

254 VUTI 366 5 Escherichia coli 10/12/2016 No Cystitis 36-50 Female No

255 VUTI 367 5.5 Escherichia coli 10/12/2016 No Cystitis 71-80 Female No

256 VUTI 368 20.5 Escherichia coli 10/12/2016 Yes Cystitis 51-60 Female No

257 VUTI 369 2.5 Escherichia coli 10/12/2016 Yes Asymptomatic bacteriuria 81+ Female No

258 VUTI 370 12.5 Escherichia coli 10/12/2016 No Cystitis 61-70 Female No

259 VUTI 371 25 Escherichia coli 10/12/2016 No Cystitis 36-50 Female No

260 VUTI 372 11.5 Escherichia coli 10/12/2016 No Asymptomatic bacteriuria 18-35 Female No

261 VUTI 373 4 Escherichia coli 10/12/2016 Yes Cystitis 71-80 Female No

262 VUTI 374 6.5 Escherichia coli 10/12/2016 No Cystitis 18-35 Female No

263 VUTI 375 26 Escherichia coli 10/12/2016 Yes Asymptomatic bacteriuria 61-70 Female No

264 VUTI 376 8 Escherichia coli 10/12/2016 Yes Cystitis 61-70 Male No

265 VUTI 377 9.5 Escherichia coli 10/12/2016 No Cystitis 51-60 Female No

266 VUTI 378 18 Escherichia coli 10/12/2016 No Cystitis 18-35 Female No

267 VUTI 379 69 Escherichia coli 10/12/2016 Yes Cystitis 51-60 Female No

268 VUTI 380 450 Escherichia coli 10/12/2016 No Cystitis 61-70 Female No

269 VUTI 381 32 Escherichia coli 10/12/2016 No Cystitis 51-60 Male No

270 VUTI 382 20.5 Escherichia coli 10/12/2016 No Cystitis 81+ Female No

271 VUTI 383 42.5 Escherichia coli 10/12/2016 No Cystitis 18-35 Male No

272 VUTI 384 23 Escherichia coli 10/12/2016 No Asymptomatic bacteriuria 71-80 Female No

273 VUTI 385 10 Escherichia coli 10/12/2016 No Bacteremia from urinary source 61-70 Female No

322 VUTI 463 HG260 52 Escherichia coli 6/18/2019 No Cystitis 35 Female No N/A

323 VUTI 464 HG261 14.5 Escherichia coli 6/18/2019 No Cystitis 18-35 Female No

324 VUTI 465 HG262 3 Escherichia coli 6/18/2019 No Cystitis 60 Female Yes Leukemia/neutropenia

325 VUTI 466 HG264 10 Escherichia coli 6/18/2019 No Asymptomatic bacteriuria 31 Female No N/A

326 VUTI 467 HG266 12 Escherichia coli 6/18/2019 No Cystitis 35 Female No N/A

327 VUTI 468 HG267 9 Escherichia coli 6/18/2019 No Cystitis 61 Female No N/A

328 VUTI 469 HG270 6.5 Escherichia coli 6/18/2019 No Cystitis 59 Female No N/A

329 VUTI 470 HG272 14.5 Escherichia coli 6/18/2019 No Asymptomatic bacteriuria 52 Female No N/A

330 VUTI 471 HG274 97 Escherichia coli 6/18/2019 No Cystitis 33 Female No N/A

331 VUTI 472 HG276 8.5 Escherichia coli 6/18/2019 Yes Cystitis 40 Female No N/A

332 VUTI 473 HG277 1.5 Escherichia coli 6/18/2019 No Cystitis 77 Female No N/A

333 VUTI 474 HG278 16 Escherichia coli 6/18/2019 No Cystitis 63 Male No N/A

334 VUTI 475 HG280 3.5 Escherichia coli 6/18/2019 No Cystitis 19 Female No N/A

335 VUTI 476 HG281 4 Escherichia coli 6/18/2019 No Cystitis 71 Female No N/A

336 VUTI 477 HG282 16.5 Escherichia coli 6/18/2019 No Cystitis 38 Female No N/A

337 VUTI 478 HG283 4 Escherichia coli 6/18/2019 No Asymptomatic bacteriuria 54 Female No N/A

338 VUTI 479 HG286 5 Escherichia coli 6/18/2019 NOS Cystitis 71-80 NOS NOS

339 VUTI 480 HG287 4.5 Escherichia coli 6/18/2019 NOS Cystitis 71-80 NOS NOS

340 VUTI 481 HG299 1.5 Escherichia coli 6/18/2019 NOS Cystitis 61-70 NOS NOS

341 VUTI 482 HG302 3 Escherichia coli 6/18/2019 NOS Cystitis 18-35 NOS NOS

342 VUTI 483 HG303 91 Escherichia coli 6/18/2019 NOS Cystitis 36-50 NOS NOS

343 VUTI 484 HG305 3.5 Escherichia coli 6/18/2019 NOS Asymptomatic bacteriuria 18-35 NOS NOS

344 VUTI 485 HG307 19.5 Escherichia coli 6/18/2019 NOS Cystitis 61-70 NOS NOS

345 VUTI 486 HG312 20 Escherichia coli 6/18/2019 NOS Cystitis 61-70 NOS NOS

346 VUTI 487 HG314 29 Escherichia coli 6/18/2019 NOS Cystitis 81+ NOS NOS

347 VUTI 488 HG315 15.5 Escherichia coli 6/18/2019 NOS Cystitis 51-60 NOS NOS

348 VUTI 489 HG316 3.5 Escherichia coli 6/18/2019 NOS Cystitis 71-80 NOS NOS

349 VUTI 490 HG318 2 Escherichia coli 6/18/2019 NOS Cystitis 36-50 NOS NOS

350 VUTI 491 HG319 2 Escherichia coli 6/18/2019 NOS Cystitis 81+ NOS NOS

351 VUTI 492 HG289 16 Escherichia coli 6/20/2019 Yes Asymptomatic bacteriuria 61-70 Female Yes renal transplant on immusuppression
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346 VUTI 487 HG314 29 Escherichia coli 6/18/2019 NOS Cystitis 81+ NOS NOS

347 VUTI 488 HG315 15.5 Escherichia coli 6/18/2019 NOS Cystitis 51-60 NOS NOS

348 VUTI 489 HG316 3.5 Escherichia coli 6/18/2019 NOS Cystitis 71-80 NOS NOS

349 VUTI 490 HG318 2 Escherichia coli 6/18/2019 NOS Cystitis 36-50 NOS NOS

350 VUTI 491 HG319 2 Escherichia coli 6/18/2019 NOS Cystitis 81+ NOS NOS

351 VUTI 492 HG289 16 Escherichia coli 6/20/2019 Yes Asymptomatic bacteriuria 61-70 Female Yes renal transplant on immusuppression

352 VUTI 493 HG290 40 Escherichia coli 6/20/2019 No Asymptomatic bacteriuria 36-50 Female No

353 VUTI 494 HG291 23 Escherichia coli 6/20/2019 No Cystitis 18-35 Female No

354 VUTI 495 HG293 14 Escherichia coli 6/20/2019 No Asymptomatic bacteriuria 71-80 Female No

355 VUTI 496 HG294 8 Escherichia coli 6/20/2019 No Cystitis 36-50 Female No

356 VUTI 497 HG295 3 Escherichia coli 6/19/2019 No Cystitis 61-70 Female No

357 VUTI 498 HG296 13.5 Escherichia coli 6/20/2019 No Cystitis 36-50 Female No

358 VUTI 499 HG297 10.5 Escherichia coli 6/19/2019 No Cystitis 61-70 Female No

359 VUTI 500 HG298 14.5 Escherichia coli 6/19/2019 Yes Cystitis 36-50 Female No

360 VUTI 501 HG300 48.5 Escherichia coli 6/20/2019 No Cystitis 18-35 Female No

361 VUTI 502 HG301 14 Escherichia coli 6/20/2019 No Cystitis 18-35 Female No

362 VUTI 503 HG304 8.5 Escherichia coli 6/19/2019 Yes Asymptomatic bacteriuria 81+ Female No

363 VUTI 504 HG292 205.5 Escherichia coli 6/20/2019 No Cystitis 36-50 Female No

364 VUTI 505 HG308 19.5 Escherichia coli 6/19/2019 No Cystitis 18-35 Female No

365 VUTI 506 HG309 4.5 Escherichia coli 6/19/2019 No Cystitis 71-80 Male Yes bladder cancer

366 VUTI 507 HG310 47 Escherichia coli 6/19/2019 No Cystitis 71-80 Female No

367 VUTI 508 HG311 7 Escherichia coli 6/19/2019 No Cystitis 36-50 Female No

368 VUTI 509 HG313 10 Escherichia coli 6/19/2019 No Cystitis 18-35 Female No

369 VUTI 510 HG317 15.5 Escherichia coli 6/22/2019 No Cystitis 36-50 Female No

370 VUTI 511 HG321 14 Escherichia coli 6/22/2019 Yes Cystitis 71-80 Female No

371 VUTI 512 HG322 14.5 Escherichia coli 6/22/2019 No Pyelonephritis 71-80 Female Yes MS and rheumatoid arthritis on immumodulators

372 VUTI 513 HG323 7 Escherichia coli 6/22/2019 Yes Cystitis 61-70 Female No

373 VUTI 514 HG324 16.5 Escherichia coli 6/22/2019 No Cystitis 81+ Female No

374 VUTI 515 HG257 21.5 Escherichia coli 6/22/2019 NOS NOS NOS NOS NOS NOS

375 VUTI 516 HG263 1 Escherichia coli 6/22/2019 No Pyelonephritis 1 Female No N/A

376 VUTI 517 HG284 27 Escherichia coli 6/22/2019 No Cystitis 12 Female No N/A

377 VUTI 518 HG306 1.5 Escherichia coli 6/22/2019 NOS NOS NOS NOS NOS NOS

378 VUTI 519 HG320 14.5 Escherichia coli 6/22/2019 NOS NOS NOS NOS NOS NOS

N/A N/A HG258 9 Escherichia coli NOS No Pyelonephritis 57 Male No N/A

N/A N/A HG259 10.5 Escherichia coli NOS Yes Cystitis 41 Female No N/A

N/A N/A HG265 9.5 Escherichia coli NOS No Cystitis 34 Female No N/A

N/A N/A HG268 8.5 Escherichia coli NOS Yes Cystitis 65 Female No N/A

N/A N/A HG269 11 Escherichia coli NOS No Cystitis 59 Female No N/A

N/A N/A HG271 6.5 Escherichia coli NOS No Cystitis 8 Female No N/A

N/A N/A HG273 14 Escherichia coli NOS Yes Cystitis 57 Female Yes Transplant

N/A N/A HG279 16.5 Escherichia coli NOS No Cystitis 2 Female No N/A

N/A N/A HG285 3.5 Escherichia coli NOS No Cystitis 50 Female No N/A

N/A VUTI 1 8 Escherichia coli NOS NOS NOS NOS NOS NOS NOS

N/A VUTI 10 13.5 Escherichia coli NOS NOS NOS NOS NOS NOS NOS

N/A VUTI 11 5 Escherichia coli NOS NOS NOS NOS NOS NOS NOS

N/A VUTI 2 7.5 Escherichia coli NOS NOS NOS NOS NOS NOS NOS

N/A VUTI 3 588 Escherichia coli NOS NOS NOS NOS NOS NOS NOS

N/A VUTI 4 11.5 Escherichia coli NOS NOS NOS NOS NOS NOS NOS

N/A VUTI 5 23.5 Escherichia coli NOS NOS NOS NOS NOS NOS NOS

N/A VUTI 6 1 Escherichia coli NOS NOS NOS NOS NOS NOS NOS

N/A VUTI 7 26.5 Escherichia coli NOS NOS NOS NOS NOS NOS NOS

N/A VUTI 8 43.5 Escherichia coli NOS NOS NOS NOS NOS NOS NOS

N/A VUTI 9 5 Escherichia coli NOS NOS NOS NOS NOS NOS NOS
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Appendix B SNP Summary of Parental vs NIC Daughter Variant 

Analysis 

Orginal 

Name of 

Strain

VUTI Strain 

Designation

G6P Growth 

Phenotype

Confirmed uhp 

mutation?
GENE SNP

HG257 NIC VUTI 515 NIC NIC Non-Grower NO Multiple Possible SNPs: Chorismate Synthase, colcin immunity protein, Murein hydrolase activator NlpD

HG260 NIC VUTI 463 NIC NIC Non-Grower NO SAM-dependent methyltransferase YafE (UbiE paralog), uncharacterized protein YeeP

HG261 NIC VUTI 464 NIC NIC Non-Grower YES Periplasmic space glucose-6-phosphate sensor protein UhpC Lys391fs

HG262 NIC VUTI 465 NIC NIC Non-Grower YES Periplasmic space glucose-6-phosphate sensor protein UhpC Ala140fs

HG263 NIC VUTI 516 NIC Parental Non-Grower NO Possibly "diguanylate cyclase regulator RdcB family protein"

HG266 NIC VUTI 467 NIC NIC Non-Grower YES Hexose phosphate transport protein UhpT Gln7*STOP

HG267 NIC VUTI 468 NIC NIC Non-Grower YES Hexose phosphate transport protein UhpT Phe74fs

HG277 NIC VUTI 473 NIC NIC Non-Grower YES Hexose-phosphate uptake signal transduction histidine-protein kinase/phosphatase UhpB Gly334fs

HG280 NIC VUTI 475 NIC NIC Non-Grower YES Hexose phosphate transport protein UhpT Gly307_Gly311del

HG281 NIC VUTI 476 NIC NIC Non-Grower NO Adenine deaminase (EC 3.5.4.2) (directly downstream of uhpT though...)

HG282 NIC VUTI 477 NIC NIC Non-Grower YES Hexose-phosphate uptake signal transduction histidine-protein kinase/phosphatase UhpB Gln462fs

HG283 NIC VUTI 478 NIC NIC Non-Grower YES Hexose phosphate transport protein UhpT Gly355fs

HG284 NIC VUTI 517 NIC NIC Non-Grower NO Multiple Possible SNPs: Uncharacterized protein, YdfR family; Exodeoxyribonuclease VIII (EC 3.1.11.-)

HG286 NIC VUTI 479 NIC NIC Grower YES Hexose-phosphate uptake signal transduction histidine-protein kinase/phosphatase UhpB Trp224*STOP

HG287 NIC VUTI 480 NIC NIC Non-Grower YES Hexose-phosphate uptake two-component transcriptional response regulator UhpA Arg141_Arg143del

HG299 NIC VUTI 481 NIC NIC Non-Grower YES Hexose-phosphate uptake two-component transcriptional response regulator UhpA Lys129_Lys148del

HG302 NIC VUTI 482 NIC NIC Non-Grower YES Hexose-phosphate uptake two-component transcriptional response regulator UhpA Ala159Val

HG303 NIC VUTI 483 NIC NIC Non-Grower YES Hexose-phosphate uptake two-component transcriptional response regulator UhpA Ala90Glu

HG305 NIC VUTI 484 NIC NIC Non-Grower YES Hexose-phosphate uptake signal transduction histidine-protein kinase/phosphatase UhpB Gln419*STOP

HG306 NIC VUTI 518 NIC NIC Grower NO No high liklihood SNPs

HG307 NIC VUTI 485 NIC NIC Non-Grower YES Hexose-phosphate uptake signal transduction histidine-protein kinase/phosphatase UhpB Trp167*STOP

HG308 NIC VUTI 505 NIC NIC Grower YES Periplasmic space glucose-6-phosphate sensor protein UhpC Val265Ile

HG312 NIC VUTI 486 NIC NIC Non-Grower YES Hexose-phosphate uptake signal transduction histidine-protein kinase/phosphatase UhpB Leu422_Ile425del

HG314 NIC VUTI 487 NIC NIC Non-Grower YES Hexose phosphate transport protein UhpT Ser216Tyr

HG315 NIC VUTI 488 NIC NIC Non-Grower YES Periplasmic space glucose-6-phosphate sensor protein UhpC Ile107fs

HG316 NIC VUTI 489 NIC NIC Grower YES Periplasmic space glucose-6-phosphate sensor protein UhpC Ala303Val

HG318 NIC VUTI 490 NIC NIC Non-Grower NO Some SNPs, peptidoglycan flippase murJ; Protein RhsD (dissordered?)

HG319 NIC VUTI 491 NIC NIC Grower YES Hexose-phosphate uptake two-component transcriptional response regulator UhpA Gln151*STOP

HG320 NIC VUTI 519 NIC Parental Non-Grower NO Pyruvate kinase (EC 2.7.1.40) Gln379*STOP

VUTI 3 NIC NIC Non-Grower NO Multiple SNPs: H repeat-associated protein, YhhI family; Small inner membrane protein, YmgF family

VUTI 5 NIC NIC Non-Grower YES Hexose phosphate transport protein UhpT Arg20fs

VUTI 8 NIC NIC Non-Grower YES Hexose-phosphate uptake signal transduction histidine-protein kinase/phosphatase UhpB Trp130*STOP

VUTI 113 NIC NIC Non-Grower NO PTS system, maltose and glucose-specific IIC component / PTS system, maltose and glucose-specific IIB component (EC 2.7.1.208) Pro315Thr

VUTI 114 NIC NIC Non-Grower YES Hexose-phosphate uptake two-component transcriptional response regulator UhpA Leu43_Gly45del

VUTI 116 NIC NIC Grower YES Periplasmic space glucose-6-phosphate sensor protein UhpC Lys82Arg

VUTI 118 NIC NIC Non-Grower NO Small inner membrane protein, YmgF family; intergenic region of upstream Colicin immunity protein

VUTI 119 NIC NIC Non-Grower NO Few SNPs at all: Exported zinc metalloprotease YfgC precursor; Putatative Transferase

VUTI 120 NIC NIC Non-Grower NO Several Phage SNPs

VUTI 128 NIC NIC Non-Grower YES Hexose-phosphate uptake two-component transcriptional response regulator UhpA Gln135*STOP

VUTI 129 NIC NIC Non-Grower YES Periplasmic space glucose-6-phosphate sensor protein UhpC Gly133Asp

VUTI 131 NIC NIC Non-Grower YES Hexose phosphate transport protein UhpT Trp24*STOP

VUTI 132 NIC NIC Grower YES Hexose-phosphate uptake two-component transcriptional response regulator UhpA Phe193Ser

VUTI 139 NIC NIC Non-Grower YES Hexose-phosphate uptake signal transduction histidine-protein kinase/phosphatase UhpB Asp315Tyr

VUTI 150 NIC NIC Non-Grower NO Few quality SNPs: hypothetical protein

VUTI 152 NIC NIC Non-Grower YES Hexose-phosphate uptake signal transduction histidine-protein kinase/phosphatase UhpB Trp60*STOP

VUTI 154 NIC NIC Grower YES Periplasmic space glucose-6-phosphate sensor protein UhpC Thr72Pro

VUTI 156 NIC Parental Non-Grower NO Likely Contaminated: Several Thousand SNPs

VUTI 157 NIC NIC Non-Grower YES Periplasmic space glucose-6-phosphate sensor protein UhpC Gly167Asp

VUTI 166 NIC NIC Non-Grower NO Few SNPs: Colicin immunity protein, hypothetical protein

VUTI 172 NIC NIC Non-Grower YES Hexose-phosphate uptake signal transduction histidine-protein kinase/phosphatase UhpB Gly344fs

VUTI 178 NIC NIC Non-Grower NO Few quality SNPs: Colicin immunity protein, many Phage SNPs

VUTI 179 NIC NIC Non-Grower YES Hexose phosphate transport protein UhpT Gln249*STOP

VUTI 184 NIC NIC Non-Grower YES Hexose-phosphate uptake two-component transcriptional response regulator UhpA Ala95fs

VUTI 188 NIC NIC Non-Grower YES Hexose-phosphate uptake two-component transcriptional response regulator UhpA Ala95fs

VUTI 189 NIC NIC Non-Grower NO Several Phage SNPs; Colicin immunity protein (upstream Transcriptional repressor for pyruvate dehydrogenase complex)

VUTI 197 NIC NIC Non-Grower NO Several Phage SNPs; intergenic region of Colicin immunity protein, Small inner membrane protein, YmgF family

VUTI 202 NIC NIC Non-Grower NO Few Phage SNPs

VUTI 204 NIC NIC Grower YES Periplasmic space glucose-6-phosphate sensor protein UhpC Asn160Ser

VUTI 207 NIC NIC Non-Grower YES Hexose phosphate transport protein UhpT Lys82Gln

VUTI 213 NIC NIC Non-Grower NO Only rRNA SNPs?

VUTI 225 NIC NIC Grower YES Hexose-phosphate uptake signal transduction histidine-protein kinase/phosphatase UhpB Val493Leu

VUTI 231 NIC NIC Non-Grower YES Hexose-phosphate uptake two-component transcriptional response regulator UhpA Gln135*STOP

VUTI 233 NIC NIC Grower NO Hypothetical Protein Arg45fs

VUTI 243 NIC NIC Non-Grower YES Hexose phosphate transport protein UhpT Gln7*STOP

VUTI 248 NIC Parental Non-Grower YES Hexose phosphate transport protein UhpT Phe49Val

VUTI 266 NIC NIC Non-Grower NO
maltose and glucose-specific IIC component / PTS system, maltose and glucose-specific IIB component (EC 2.7.1.208), Trehalose-6-

phosphate phosphatase, Response regulator protein ygeK

VUTI 270 NIC NIC Non-Grower YES Hexose phosphate transport protein UhpT Gln288*STOP

VUTI 273 NIC NIC Non-Grower NO Many Phage SNPs

VUTI 274 NIC NIC Non-Grower NO Likely Contaminated: Several Thousand SNPs

VUTI 277 NIC NIC Non-Grower YES Periplasmic space glucose-6-phosphate sensor protein UhpC Phe131_Gln132fs

VUTI 278 NIC NIC Non-Grower YES Hexose phosphate transport protein UhpT Gly355fs

VUTI 280 NIC NIC Grower YES Hexose-phosphate uptake signal transduction histidine-protein kinase/phosphatase UhpB Trp130*STOP

VUTI 285 NIC Parental Non-Grower YES Periplasmic space glucose-6-phosphate sensor protein UhpC Leu391_Gly392fs

VUTI 286 NIC NIC Grower NO Short-chain-fatty-acid--CoA ligase Trp109*STOP

VUTI 287 NIC NIC Non-Grower NO Several Phage SNPs; Polyketide synthase modules and related proteins

VUTI 296 NIC NIC Non-Grower YES Periplasmic space glucose-6-phosphate sensor protein UhpC Ile107fs

VUTI 298 NIC NIC Non-Grower YES Hexose phosphate transport protein UhpT Arg326_Gly327fs

VUTI 301 NIC NIC Non-Grower YES Hexose-phosphate uptake signal transduction histidine-protein kinase/phosphatase UhpB Asp402fs

VUTI 308 NIC NIC Non-Grower NO Rep protein, hypothetical protein, ShiA homolog, Exodeoxyribonuclease VIII (EC 3.1.11.-)

VUTI 321 NIC NIC Grower YES Hexose phosphate transport protein UhpT Ala297Val

VUTI 327 NIC NIC Non-Grower YES Hexose phosphate transport protein UhpT Ser356Pro

VUTI 328 NIC NIC Non-Grower YES Hexose-phosphate uptake signal transduction histidine-protein kinase/phosphatase UhpB Ter501Serext*?

VUTI 340 NIC NIC Non-Grower YES Hexose-phosphate uptake signal transduction histidine-protein kinase/phosphatase UhpB Ser484fs

VUTI 341 NIC NIC Non-Grower NO Several Phage SNPs; Hypothetical Protein

VUTI 342 NIC Parental Non-Grower YES Hexose phosphate transport protein UhpT Gly361fs

VUTI 344 NIC Parental Non-Grower NO Few SNPs: Putative transferase

VUTI 347 NIC NIC Non-Grower YES Hexose-phosphate uptake signal transduction histidine-protein kinase/phosphatase UhpB Ala216Glu

VUTI 349 NIC NIC Non-Grower YES Hexose-phosphate uptake signal transduction histidine-protein kinase/phosphatase UhpB Leu293Arg

VUTI 360 NIC NIC Non-Grower YES Hexose-phosphate uptake signal transduction histidine-protein kinase/phosphatase UhpB Gln419*STOP

VUTI 371 NIC NIC Non-Grower NO Many Phage SNPs; Ribose-phosphate pyrophosphokinase (EC 2.7.6.1); Transcriptional regulator, YafY family

VUTI 380 NIC NIC Non-Grower NO MANY POSSIBLE HITS
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Appendix C uhp Complementation Construct Sequencing and 

Schematic 

 

 

uhpA isolated nucleotide sequence_premature STOP 

uhpA_SiteD_Gln19STOP_FWD 21bp, 67%GC, 62.37C 

CGGCTTTGCGTAGCTGCTGGG 

uhpA_SiteD_Gln19STOP_REV 21bp, 67%GC, 62.37C 

CCCAGCAGCTACGCAAAGCCG 

uhpBA_Test Rev 21bp, Tm: 53.5 GC 48% 
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CTCAAGGCTTGAACAACATCG 

GCTGGAAGATGTGGTGAAAGTGCAGCGTAATCAGTCCGATCCGACCATGTTTAACAAGATTGCGGTGTTTTTTCAG

TAACCGCTCAAGGCTTGAACAACATCGCGCTTATCGTTAAGGTAAGCGCGTTTTATTACCCTCCAGGACAAGATCA

TGATCACCGTTGCCCTTATAGACGATCACCTTATCGTCCGCTCCGGCTTTGCGCAGCTGCTGGGGCTGGAACCTGA

TTTGCAGGTAGTTGCCGAGTTTGGTTCGGGGCGCGAGGCGCTGGCGGGGCTGCCGGGGTGCGGTGTGCAGGTGTGT

ATTTGCGATATCTCCATGCCTGATATCTCCGGTCTGGAGCTTCTAAGCCAGCTGCCGAAAGGCATGGCGACAATTA

TGCTCTCCGTTCACGACAGTCCGGCGCTGGTTGAGCAGGCGCTTAACGCCGGGGCGCGCGGCTTTCTCTCCAAACG

CTGTAGCCCGGATGAACTCATTGCTGCGGTGCATACGGTTGCCACTGGCGGCTGTTATCTGACGCCGGATATTGCC

ATTAAACTGGCATCCGGTCGCCAGGACCCGCTAACCAAACGCGAACGCCAGGTGGCAGAAAAACTGGCGCAAGGAA

TGGCGGTGAAAGAGATTGCCGCCGAACTGGGCTTGTCGCCGAAAACGGTACACGTCCATCGCGCCAATCTGATGGA

AAAACTGGGCGTCAGTAACGACGTTGAACTGGCGCGCCGCATGTTTGATGGCTGGTGA 

uhpA WT Amino Acid Sequence_AA of interest 

MITVALIDDHLIVRSGFAQLLGLEPDLQVVAEFGSGREALAGLPGCGVQVCICDISMPDISGLELLSQLPKGMATI

MLSVHDSPALVEQALNAGARGFLSKRCSPDELIAAVHTVATGGCYLTPDIAIKLASGRQDPLTKRERQVAEKLAQG

MAVKEIAAELGLSPKTVHVHRANLMEKLGVSNDVELARRMFDGW- 

 

uhpB isolated nucleotide sequence premature STOP 

uhpB_SiteD_Cys14STOP_FWD 29bp, 31%GC, 56.59°C 

TACCGTTATTGCCTGATTTTTTATCTTCT 

uhpB_SiteD_Cys14STOP_REV 29bp, 31%GC, 56.59°C 

AGAAGATAAAAAATCAGGCAATAACGGTA 

uhpB_STOPTEST_Fwd 18bp, 56%GC, 52.1°C 

AACTGGCGCAAGGAATGG 

TCTCCAAACGCTGTAGCCCGGATGAACTCATTGCTGCGGTGCATACGGTTGCCACTGGCGGCTGTTATCTGACGCC

GGATATTGCCATTAAACTGGCATCCGGTCGCCAGGACCCGCTAACCAAACGCGAACGCCAGGTGGCAGAAAAACTG

GCGCAAGGAATGGCGGTGAAAGAGATTGCCGCCGAACTGGGCTTGTCGCCGAAAACGGTACACGTCCATCGCGCCA

ATCTGATGGAAAAACTGGGCGTCAGTAACGACGTTGAACTGGCGCGCCGCATGTTTGATGGCTGGTGATGAAGACG

TTGTTCTCCCGCTTAATTACCGTTATTGCCTGCTTTTTTATCTTCTCTGCCGCATGGTTTTGCCTGTGGAGTATCA

GCCTGCACCTGGTTGAGCGCCCTGATATGGCGGTGCTGTTATTTCCGTTTGGCCTGCGGCTAGGGCTAATGCTGCA

ATGCCCGCGCGGATACTGGCCGGTGCTACTGGGTGCGGAGTGGCTGCTGATTTACTGGCTAATGCAGGCGGTCGGT

TTAACCCATTTCTCCTTATTGATGATCGGTAGTTTACTGACGTTATTGCCCGTGGCGCTGATCTCGCGCTATCGCC

ATCAACGTGACTGGCGCACCTTGCTGTTACAGGGTGCGGCGTTAACTGCGGCGGCGTTGTTGCAGTCGCTGCCCTG

GCTTTGGCACGGCAAAGAGTCGTGGAATGCGCTGCTGCTGACTTTAACTGGCGGCCTGACGCTGGCCCCGATATGT

CTGGTGTTCTGGCACTATCTGGCGAATAACACCTGGCTGCCGCTCGGCCCGTCACTGGTTTCTCAGCCAATCAACT

GGCGCGGGCGACATCTGGTCTGGTACTTGCTGCTGTTTGTTATCAGTCTCTGGCTCCAGTTGGGATTGCCAGACGA

ACTGTCGCGCTTTACGCCATTCTGTCTGGCGCTGCCGATTATCGCGCTGGCCTGGCACTATGGTTGGCAAGGAGCG

CTGATTGCGACATTGATGAACGCCATCGCGCTGATCGCCAGTCAAACCTGGCGCGATCATCCGGTGGATTTATTGC

TCTCGCTGTTGGTGCAAAGTCTGACAGGGTTGTTACTGGGCGCAGGCATCCAGCGGTTGCGTGAACTTAACCAGTC

GCTGCAAAAGGAACTGGCGCGCAATCAGCATCTCGCTGAACGGTTGCTGGAAACCGAAGAGAGCGTGCGCCGTGAT

GTGGCACGTGAGCTGCACGATGATATCGGTCAGACCATTACTGCTATTCGAACTCAAGCGGGCATTGTTCAGCGGC

TGGCGGCAGATAACGCCAGCGTGAAACAGAGCGGGCAGCTCATCGAACAACTATCGCTGGGCGTTTACGACGCGGT
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GCGCCGTTTGTTAGGTCGGTTACGTCCGCGCCAGTTGGATGATCTCACCCTGGAGCAGGCCATCCGCTCACTGATG

CGGGAAATGGAGCTGGAAGGGCGCGGCATTGTCAGCCATCTCGAATGGCGAATCGATGAATCAGCGTTAAGCGAAA

ACCAGCGAGTGACGCTGTTTCGTGTCTGCCAGGAAGGGCTGAACAACATTGTGAAACATGCTGATGCCAGCGCGGT

CACCCTGCAAGGCTGGCAGCAGGATGAACGGTTGATGCTGGTGATTGAAGACGATGGCAGCGGTTTACCGCCAGAT

TCCGGGCAACACGGTTTTGGCCTTACCGGAATGCGCGAGCGCGTAACGGCGCTGGGTGGCACATTGACCATTTCCT

GTCTGCACGGCACGCGTGTCAGCGTTTCTCTACCTCAACGTTATGTCTAA 

NNNNNNNNNNNNNNNGGCTTGTCGCCGANCGGTACACGTCCATCGCGCCAATCTGATGGAAAAACTGGGCGTCAGTAACGACGT

TGAACTGGCGCGCCGCATGTTTGATGGCTGGTGATGAAGACGTTGTTCTCCCGCTTAATTACCGTTATTGCCTGATTTTTTATCTTCTC

TGCCGCATGGTTTTGCCTGTGGAGTATCAGCCTGCACCTGGTTGAGCGCCCTGATATGGCGGTGCTG 

TTATTTCCGTTTGGCCTGCGGCTAGGGCTAATGCTGCAATGCCCGCGCGGATACTGGCCGGTGCTACTGGGTGCGGAGTG 

GCTGCTGATTTACTGGCTAATGCAGGCGGTCGGTTTAACCCATTTCTCCTTATTGATGATCGGTAGTTTACTGACGTTAT 

TGCCCGTGGCGCTGATCTCGCGCTATCGCCATCAACGTGACTGGCGCACCTTGCTGTTACAGGGTGCGGCGTTAACTGCG 

GCGGCGTTGTTGCAGTCGCTGCCCTGGCTTTGGCACGGCAAAGAGTCGTGGAATGCGCTGCTGCTGACTTTAACTGGCGG 

CCTGACGCTGGCCCCGATATGTCTGGTGTTCTGGCACTATCTGGCGAATAACACCTGGCTGCCGCTCGGCCCGTCACTGG 

TTTCTCAGCCAATCAACTGGCGCGGGCGACATCTGGTCTGGTACTTGCTGCTGTTTGTTATCAGTCTCTGGCTCCAGTTG 

GGATTGCCAGACGAACTGTCGCGCTTTACGCCATTCTGTCTGGCGCTGCCGATTATCGCGCTGGCCTGGCACTATGGTTG 

GCAAGGAGCGCTGATTGCGACATTGATGAACGCCATCGCGCTGATCGCCAGTCAAACCTGGCGCGATCATNCCGGTGGAT 

TTATTGCTCTCGCTGTTGGTGCAAAGTCTGACNGGNTGTTACTGGGCGCAGCATCCAGCGGTTGCNTGAACTTAACCAGT 

CGCTGCAAAGGACTGGCNCGCAATCAGCAT 

 

uhpB WT Amino Acid Sequence_AA of interest 

MKTLFSRLITVIACFFIFSAAWFCLWSISLHLVERPDMAVLLFPFGLRLGLMLQCPRGYWPVLLGAEWLLIYWLMQ

AVGLTHFSLLMIGSLLTLLPVALISRYRHQRDWRTLLLQGAALTAAALLQSLPWLWHGKESWNALLLTLTGGLTLA

PICLVFWHYLANNTWLPLGPSLVSQPINWRGRHLVWYLLLFVISLWLQLGLPDELSRFTPFCLALPIIALAWHYGW

QGALIATLMNAIALIASQTWRDHPVDLLLSLLVQSLTGLLLGAGIQRLRELNQSLQKELARNQHLAERLLETEESV

RRDVARELHDDIGQTITAIRTQAGIVQRLAADNASVKQSGQLIEQLSLGVYDAVRRLLGRLRPRQLDDLTLEQAIR

SLMREMELEGRGIVSHLEWRIDESALSENQRVTLFRVCQEGLNNIVKHADASAVTLQGWQQDERLMLVIEDDGSGL

PPDSGQHGFGLTGMRERVTALGGTLTISCLHGTRVSVSLPQRYV- 

 

uhpT isolated nucleotide sequence premature STOP 

uhpT_SiteD_Leu5STOP_FWD 28bp, 46%GC, 62.71C 

ATGCTGGCTTTCTAAAACCAGGTTCGCA 

uhpT_SiteD_Leu5STOP_REV 28bp, 46%GC, 62.71C 

TGCGAACCTGGTTTTAGAAAGCCAGCAT 

uhpT_test_F: 20bp, 45%GC, 50.7°C 

CCTCACGCAGGTATTCATTT 

UhpT_STOPTEST_FWD 19bp, 53%GC, 53.7°C 

AGCGTGATGCATCTCACCT 

CGCCATCGCCGCCGGGATTTCCGCACTGCTATTACTGCCCTTTTTGAACGCCCAGACACCGCGAGAAGCGTGATGC

ATCTCACCTTTTCACTTCATATCCGGCAAAACTAAGAAATTTTCCAGGTTTTGCCTGGACGCTATCTCAGGCCTGA
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TTTGCTGCTGATTTTTACAATGCATGCCTCACGCAGGTATTCATTTCAGGAGTAACCCATGCTGGCTTTCTTAAAC

CAGGTTCGCAAGCCGACCCTGGACCTTCCGCTCGAAGTGCGGCGCAAAATGTGGTTCAAACCGTTCATGCAATCCT

ACCTGGTGGTCTTTATCGGCTACCTTACGATGTACCTGATTCGCAAGAACTTTAACATCGCGCAGAACGACATGAT

CTCGACCTACGGGTTGAGCATGACGCAGCTGGGGATGATCGGCCTGGGCTTCTCCATCACTTATGGCGTGGGTAAA

ACGCTGGTTTCTTACTACGCCGACGGCAAAAACACCAAACAATTCCTGCCGTTCATGCTGATCCTGTCTGCCATTT

GTATGCTGGGCTTCAGTGCCAGTATGGGCAGCGGCTCGGTTAGCCTGTTCCTGATGATTGCCTTCTACGCCTTGAG

CGGCTTTTTCCAGAGTACCGGCGGTTCGTGCAGTTACTCCACCATCACCAAATGGACGCCGCGTCGTAAACGCGGG

ACATTCCTCGGTTTCTGGAACATTTCTCACAACCTTGGTGGTGCAGGCGCAGCAGGTGTGGCGCTGTTCGGCGCAA

ATTACCTGTTCGATGGTCATGTCATCGGCATGTTTATTTTCCCGTCGATTATCGCGCTGATTGTTGGTTTTATTGG

TCTGCGTTACGGCAGCGACTCCCCGGAATCTTATGGCCTCGGCAAAGCTGAAGAGCTGTTTGGCGAGGAGATCAGT

GAAGAGGATAAAGAGACAGAATCTACCGATATGACCAAGTGGCAGATCTTTGTTGAGTATGTGCTGAAAAACAAAG

TGATCTGGCTGCTGTGCTTTGCCAACATTTTCCTCTATGTGGTGCGTATTGGTATCGACCAGTGGTCAACCGTGTA

TGCGTTCCAGGAACTGAAACTCTCTAAAGCGGTGGCGATTCAGGGCTTTACGCTGTTTGAAGCTGGTGCGCTGGTC

GGTACGCTGCTGTGGGGCTGGCTCTCTGACCTGGCGAACGGTCGCCGTGGCCTGGTGGCCTGTATCGCGCTGGCGC

TGATTATCGCCACGCTCGGTGTGTATCAACACGCCAGCAACGAATATATCTACCTGGCTTCTCTCTTTGCGTTGGG

TTTCCTGGTCTTTGGCCCGCAATTGTTGATTGGTGTGGCGGCTGTTGGCTTTGTACCTAAAAAAGCGATTGGCGCT

GCCGATGGTATTAAAGGCACCTTCGCTTACCTGATTGGTGACAGCTTTGCCAAGTTAGGTCTGGGAATGATTGCCG

ATGGGACGCCGGTATTTGGCCTTACCGGCTGGGCAGGCACCTTCGCCGCGCTGGATATCGCCGCGATTGGTTGTAT

CTGCCTGATGGCGATAGTGGCGGTGATGGAAGAACGCAAAATCCGCCGCGAGAAAAAAATTCAGCAGTTGACAGTG

GCATAA 

 

uhpT WT Amino Acid Sequence_AA of interest 

MLAFLNQVRKPTLDLPLEVRRKMWFKPFMQSYLVVFIGYLTMYLIRKNFNIAQNDMISTYGLSMTQLGMIGLGFSI

TYGVGKTLVSYYADGKNTKQFLPFMLILSAICMLGFSASMGSGSVSLFLMIAFYALSGFFQSTGGSCSYSTITKWT

PRRKRGTFLGFWNISHNLGGAGAAGVALFGANYLFDGHVIGMFIFPSIIALIVGFIGLRYGSDSPESYGLGKAEEL

FGEEISEEDKETESTDMTKWQIFVEYVLKNKVIWLLCFANIFLYVVRIGIDQWSTVYAFQELKLSKAVAIQGFTLF

EAGALVGTLLWGWLSDLANGRRGLVACIALALIIATLGVYQHASNEYIYLASLFALGFLVFGPQLLIGVAAVGFVP

KKAIGAADGIKGTFAYLIGDSFAKLGLGMIADGTPVFGLTGWAGTFAALDIAAIGCICLMAIVAVMEERKIRREKK

IQQLTVA- 

 

uhpC isolated nucleotide sequence 

ATGTTGCCGTTTCTGAAAGCGCCCGCCGATGCGCCATTAATGACTGATAAACATGAAATTGATGCCCGCTATCGCT

ACTGGCGTCGGCATATTCTGCTGACCATCTGGCTGGGTTACGCGCTGTTTTACTTCACGCGTAAAAGTTTTAACGC

CGCCGTACCAGAAATCCTTGCTAACGGCGTGCTCAGCCGTAGCGATATTGGCCTGTTAGCGACCCTGTTTTACATT

ACCTACGGCGTGTCGAAGTTTGTCTCCGGCATTGTCAGCGATCGCTCAAATGCCCGTTATTTTATGGGGATAGGGC

TTATTGCCACGGGCATTATCAACATTCTGTTTGGCTTCTCGACGTCGCTATGGGCGTTTGCCGTGCTTTGGGTGTT

GAACGCCTTTTTCCAGGGCTGGGGTTCACCGGTGTGTGCGCGTCTGTTAACCGCCTGGTATTCTCGTACCGAGCGC

GGCGGTTGGTGGGCATTATGGAACACGGCGCATAACGTCGGCGGCGCACTCATTCCCATTGTGATGGCAGCGAGCG

CGCTGCATTACGGCTGGCGTGCCGGGATGATGATTGCGGGTTGTATGGCGATAGTCGTGGGGATTTTTCTCTGCTG

GCGGCTGCGCGATCGCCCGCAGGCGTTAGGTTTACCGGCGGTTGGTGAATGGCGGCACGACGCACTGGAGATTGCT

CAACAACAAGAAGGGGCAGGGCTGACGCGTAAAGAGATCCTCACCAAATATGTGTTGCTGAATCCGTATATCTGGC

TGCTTTCGTTTTGCTATGTGCTGGTCTATGTGGTTCGGGCGGCGATCAACGACTGGGGCAATTTGTATATGTCCGA

GATGCTGGGCGTCGATCTGGTCACGGCGAATACGGCAGTGACAATGTTTGAACTGGGCGGATTTATCGGTGCGCTG

GTAGCGGGTTGGGGTTCGGACAAACTGTTTAACGGCAACCGCGGGCCGATGAATTTGATTTTCGCCGCCGGAATTT

TGCTTTCAGTCGGCTCGCTGTGGCTGATGCCATTTGCCAGCTACGTGATGCAGGCAACCTGCTTCTTCACCATTGG

TTTTTTTGTCTTTGGCCCGCAGATGTTAATCGGCATGGCGGCGGCAGAGTGTTCCCACAAAGAGGCGGCAGGGGCG



117 
 

GCGACGGGATTTGTCGGCTTGTTTGCTTATCTTGGTGCGTCGCTTGCTGGTTGGCCGCTGGCGAAAGTACTCGATA

CCTGGCACTGGAGCGGATTTTTTGTGGTTATCGCCATCGCCGCCGGGATTTCCGCACTGCTATTACTGCCCTTTTT

GAACGCCCAGACACCGCGAGAAGCGTGA 

 

uhpC WT Amino Acid Sequence_AAs of interest 

MLPFLKAPADAPLMTDKHEIDARYRYWRRHILLTIWLGYALFYFTRKSFNAAVPEILANGVLSRSDIGLLATLFYI

TYGVSKFVSGIVSDRSNARYFMGIGLIATGIINILFGFSTSLWAFAVLWVLNAFFQGWGSPVCARLLTAWYSRTER

GGWWALWNTAHNVGGALIPIVMAASALHYGWRAGMMIAGCMAIVVGIFLCWRLRDRPQALGLPAVGEWRHDALEIA

QQQEGAGLTRKEILTKYVLLNPYIWLLSFCYVLVYVVRAAINDWGNLYMSEMLGVDLVTANTAVTMFELGGFIGAL

VAGWGSDKLFNGNRGPMNLIFAAGILLSVGSLWLMPFASYVMQATCFFTIGFFVFGPQMLIGMAAAECSHKEAAGA

ATGFVGLFAYLGASLAGWPLAKVLDTWHWSGFFVVIAIAAGISALLLLPFLNAQTPREA- 

Full Operon 

uhpA uhpB uhpC uhpT 

GCTGGAAGATGTGGTGAAAGTGCAGCGTAATCAGTCCGATCCGACCATGTTTAACAAGATTGCGGTGTTTTTTCAG

TAACCGCTCAAGGCTTGAACAACATCGCGCTTATCGTTAAGGTAAGCGCGTTTTATTACCCTCCAGGACAAGATCA

TGATCACCGTTGCCCTTATAGACGATCACCTTATCGTCCGCTCCGGCTTTGCGCAGCTGCTGGGGCTGGAACCTGA

TTTGCAGGTAGTTGCCGAGTTTGGTTCGGGGCGCGAGGCGCTGGCGGGGCTGCCGGGGTGCGGTGTGCAGGTGTGT

ATTTGCGATATCTCCATGCCTGATATCTCCGGTCTGGAGCTTCTAAGCCAGCTGCCGAAAGGCATGGCGACAATTA

TGCTCTCCGTTCACGACAGTCCGGCGCTGGTTGAGCAGGCGCTTAACGCCGGGGCGCGCGGCTTTCTCTCCAAACG

CTGTAGCCCGGATGAACTCATTGCTGCGGTGCATACGGTTGCCACTGGCGGCTGTTATCTGACGCCGGATATTGCC

ATTAAACTGGCATCCGGTCGCCAGGACCCGCTAACCAAACGCGAACGCCAGGTGGCAGAAAAACTGGCGCAAGGAA

TGGCGGTGAAAGAGATTGCCGCCGAACTGGGCTTGTCGCCGAAAACGGTACACGTCCATCGCGCCAATCTGATGGA

AAAACTGGGCGTCAGTAACGACGTTGAACTGGCGCGCCGCATGTTTGATGGCTGGTGATGAAGACGTTGTTCTCCC

GCTTAATTACCGTTATTGCCTGCTTTTTTATCTTCTCTGCCGCATGGTTTTGCCTGTGGAGTATCAGCCTGCACCT

GGTTGAGCGCCCTGATATGGCGGTGCTGTTATTTCCGTTTGGCCTGCGGCTAGGGCTAATGCTGCAATGCCCGCGC

GGATACTGGCCGGTGCTACTGGGTGCGGAGTGGCTGCTGATTTACTGGCTAATGCAGGCGGTCGGTTTAACCCATT

TCTCCTTATTGATGATCGGTAGTTTACTGACGTTATTGCCCGTGGCGCTGATCTCGCGCTATCGCCATCAACGTGA

CTGGCGCACCTTGCTGTTACAGGGTGCGGCGTTAACTGCGGCGGCGTTGTTGCAGTCGCTGCCCTGGCTTTGGCAC

GGCAAAGAGTCGTGGAATGCGCTGCTGCTGACTTTAACTGGCGGCCTGACGCTGGCCCCGATATGTCTGGTGTTCT

GGCACTATCTGGCGAATAACACCTGGCTGCCGCTCGGCCCGTCACTGGTTTCTCAGCCAATCAACTGGCGCGGGCG

ACATCTGGTCTGGTACTTGCTGCTGTTTGTTATCAGTCTCTGGCTCCAGTTGGGATTGCCAGACGAACTGTCGCGC

TTTACGCCATTCTGTCTGGCGCTGCCGATTATCGCGCTGGCCTGGCACTATGGTTGGCAAGGAGCGCTGATTGCGA

CATTGATGAACGCCATCGCGCTGATCGCCAGTCAAACCTGGCGCGATCATCCGGTGGATTTATTGCTCTCGCTGTT

GGTGCAAAGTCTGACAGGGTTGTTACTGGGCGCAGGCATCCAGCGGTTGCGTGAACTTAACCAGTCGCTGCAAAAG

GAACTGGCGCGCAATCAGCATCTCGCTGAACGGTTGCTGGAAACCGAAGAGAGCGTGCGCCGTGATGTGGCACGTG

AGCTGCACGATGATATCGGTCAGACCATTACTGCTATTCGAACTCAAGCGGGCATTGTTCAGCGGCTGGCGGCAGA

TAACGCCAGCGTGAAACAGAGCGGGCAGCTCATCGAACAACTATCGCTGGGCGTTTACGACGCGGTGCGCCGTTTG

TTAGGTCGGTTACGTCCGCGCCAGTTGGATGATCTCACCCTGGAGCAGGCCATCCGCTCACTGATGCGGGAAATGG

AGCTGGAAGGGCGCGGCATTGTCAGCCATCTCGAATGGCGAATCGATGAATCAGCGTTAAGCGAAAACCAGCGAGT

GACGCTGTTTCGTGTCTGCCAGGAAGGGCTGAACAACATTGTGAAACATGCTGATGCCAGCGCGGTCACCCTGCAA

GGCTGGCAGCAGGATGAACGGTTGATGCTGGTGATTGAAGACGATGGCAGCGGTTTACCGCCAGATTCCGGGCAAC

ACGGTTTTGGCCTTACCGGAATGCGCGAGCGCGTAACGGCGCTGGGTGGCACATTGACCATTTCCTGTCTGCACGG

CACGCGTGTCAGCGTTTCTCTACCTCAACGTTATGTCTAAGGTTCGATGATGTTGCCGTTTCTGAAAGCGCCCGCC

GATGCGCCATTAATGACTGATAAACATGAAATTGATGCCCGCTATCGCTACTGGCGTCGGCATATTCTGCTGACCA
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TCTGGCTGGGTTACGCGCTGTTTTACTTCACGCGTAAAAGTTTTAACGCCGCCGTACCAGAAATCCTTGCTAACGG

CGTGCTCAGCCGTAGCGATATTGGCCTGTTAGCGACCCTGTTTTACATTACCTACGGCGTGTCGAAGTTTGTCTCC

GGCATTGTCAGCGATCGCTCAAATGCCCGTTATTTTATGGGGATAGGGCTTATTGCCACGGGCATTATCAACATTC

TGTTTGGCTTCTCGACGTCGCTATGGGCGTTTGCCGTGCTTTGGGTGTTGAACGCCTTTTTCCAGGGCTGGGGTTC

ACCGGTGTGTGCGCGTCTGTTAACCGCCTGGTATTCTCGTACCGAGCGCGGCGGTTGGTGGGCATTATGGAACACG

GCGCATAACGTCGGCGGCGCACTCATTCCCATTGTGATGGCAGCGAGCGCGCTGCATTACGGCTGGCGTGCCGGGA

TGATGATTGCGGGTTGTATGGCGATAGTCGTGGGGATTTTTCTCTGCTGGCGGCTGCGCGATCGCCCGCAGGCGTT

AGGTTTACCGGCGGTTGGTGAATGGCGGCACGACGCACTGGAGATTGCTCAACAACAAGAAGGGGCAGGGCTGACG

CGTAAAGAGATCCTCACCAAATATGTGTTGCTGAATCCGTATATCTGGCTGCTTTCGTTTTGCTATGTGCTGGTCT

ATGTGGTTCGGGCGGCGATCAACGACTGGGGCAATTTGTATATGTCCGAGATGCTGGGCGTCGATCTGGTCACGGC

GAATACGGCAGTGACAATGTTTGAACTGGGCGGATTTATCGGTGCGCTGGTAGCGGGTTGGGGTTCGGACAAACTG

TTTAACGGCAACCGCGGGCCGATGAATTTGATTTTCGCCGCCGGAATTTTGCTTTCAGTCGGCTCGCTGTGGCTGA

TGCCATTTGCCAGCTACGTGATGCAGGCAACCTGCTTCTTCACCATTGGTTTTTTTGTCTTTGGCCCGCAGATGTT

AATCGGCATGGCGGCGGCAGAGTGTTCCCACAAAGAGGCGGCAGGGGCGGCGACGGGATTTGTCGGCTTGTTTGCT

TATCTTGGTGCGTCGCTTGCTGGTTGGCCGCTGGCGAAAGTACTCGATACCTGGCACTGGAGCGGATTTTTTGTGG

TTATCGCCATCGCCGCCGGGATTTCCGCACTGCTATTACTGCCCTTTTTGAACGCCCAGACACCGCGAGAAGCGTG

ATGCATCTCACCTTTTCACTTCATATCCGGCAAAACTAAGAAATTTTCCAGGTTTTGCCTGGACGCTATCTCAGGC

CTGATTTGCTGCTGATTTTTACAATGCATGCCTCACGCAGGTATTCATTTCAGGAGTAACCCATGCTGGCTTTCTT

AAACCAGGTTCGCAAGCCGACCCTGGACCTTCCGCTCGAAGTGCGGCGCAAAATGTGGTTCAAACCGTTCATGCAA

TCCTACCTGGTGGTCTTTATCGGCTACCTTACGATGTACCTGATTCGCAAGAACTTTAACATCGCGCAGAACGACA

TGATCTCGACCTACGGGTTGAGCATGACGCAGCTGGGGATGATCGGCCTGGGCTTCTCCATCACTTATGGCGTGGG

TAAAACGCTGGTTTCTTACTACGCCGACGGCAAAAACACCAAACAATTCCTGCCGTTCATGCTGATCCTGTCTGCC

ATTTGTATGCTGGGCTTCAGTGCCAGTATGGGCAGCGGCTCGGTTAGCCTGTTCCTGATGATTGCCTTCTACGCCT

TGAGCGGCTTTTTCCAGAGTACCGGCGGTTCGTGCAGTTACTCCACCATCACCAAATGGACGCCGCGTCGTAAACG

CGGGACATTCCTCGGTTTCTGGAACATTTCTCACAACCTTGGTGGTGCAGGCGCAGCAGGTGTGGCGCTGTTCGGC

GCAAATTACCTGTTCGATGGTCATGTCATCGGCATGTTTATTTTCCCGTCGATTATCGCGCTGATTGTTGGTTTTA

TTGGTCTGCGTTACGGCAGCGACTCCCCGGAATCTTATGGCCTCGGCAAAGCTGAAGAGCTGTTTGGCGAGGAGAT

CAGTGAAGAGGATAAAGAGACAGAATCTACCGATATGACCAAGTGGCAGATCTTTGTTGAGTATGTGCTGAAAAAC

AAAGTGATCTGGCTGCTGTGCTTTGCCAACATTTTCCTCTATGTGGTGCGTATTGGTATCGACCAGTGGTCAACCG

TGTATGCGTTCCAGGAACTGAAACTCTCTAAAGCGGTGGCGATTCAGGGCTTTACGCTGTTTGAAGCTGGTGCGCT

GGTCGGTACGCTGCTGTGGGGCTGGCTCTCTGACCTGGCGAACGGTCGCCGTGGCCTGGTGGCCTGTATCGCGCTG

GCGCTGATTATCGCCACGCTCGGTGTGTATCAACACGCCAGCAACGAATATATCTACCTGGCTTCTCTCTTTGCGT

TGGGTTTCCTGGTCTTTGGCCCGCAATTGTTGATTGGTGTGGCGGCTGTTGGCTTTGTACCTAAAAAAGCGATTGG

CGCTGCCGATGGTATTAAAGGCACCTTCGCTTACCTGATTGGTGACAGCTTTGCCAAGTTAGGTCTGGGAATGATT

GCCGATGGGACGCCGGTATTTGGCCTTACCGGCTGGGCAGGCACCTTCGCCGCGCTGGATATCGCCGCGATTGGTT

GTATCTGCCTGATGGCGATAGTGGCGGTGATGGAAGAACGCAAAATCCGCCGCGAGAAAAAAATTCAGCAGTTGAC

AGTGGCATAAACGTAACTGGTGACTTTTGCCCGGCATGACGCCGGGCTTTTTTTTATTATTCCGTGAATTCCAGCG

TAGTGAAGGCAAACTTCTCGCCATCAAACAGCCCCTGACTGGTT 

 

uhpC isolated nucleotide sequence_Thr72Pro 

uhpC_SiteD_Thr72Pro_FWD 23bp, 57%GC, 58.32C 

GCCTGTTAGCGCCCCTGTTTTAC 

uhpC_SiteD_Thr72Pro_REV 23bp, 57%GC, 58.32C 

GTAAAACAGGGGCGCTAACAGGC 
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uhpC_test_F: 23bp, 43%GC, 52.4°C 

CTACCTCAACGTTATGTCTAAGG 

(May self-Dimerize) 

ATGTTGCCGTTTCTGAAAGCGCCCGCCGATGCGCCATTAATGACTGATAAACATGAAATTGATGCCCGCTATCGCT

ACTGGCGTCGGCATATTCTGCTGACCATCTGGCTGGGTTACGCGCTGTTTTACTTCACGCGTAAAAGTTTTAACGC

CGCCGTACCAGAAATCCTTGCTAACGGCGTGCTCAGCCGTAGCGATATTGGCCTGTTAGCGACCCTGTTTTACATT

ACCTACGGCGTGTCGAAGTTTGTCTCCGGCATTGTCAGCGATCGCTCAAATGCCCGTTATTTTATGGGGATAGGGC

TTATTGCCACGGGCATTATCAACATTCTGTTTGGCTTCTCGACGTCGCTATGGGCGTTTGCCGTGCTTTGGGTGTT

GAACGCCTTTTTCCAGGGCTGGGGTTCACCGGTGTGTGCGCGTCTGTTAACCGCCTGGTATTCTCGTACCGAGCGC

GGCGGTTGGTGGGCATTATGGAACACGGCGCATAACGTCGGCGGCGCACTCATTCCCATTGTGATGGCAGCGAGCG

CGCTGCATTACGGCTGGCGTGCCGGGATGATGATTGCGGGTTGTATGGCGATAGTCGTGGGGATTTTTCTCTGCTG

GCGGCTGCGCGATCGCCCGCAGGCGTTAGGTTTACCGGCGGTTGGTGAATGGCGGCACGACGCACTGGAGATTGCT

CAACAACAAGAAGGGGCAGGGCTGACGCGTAAAGAGATCCTCACCAAATATGTGTTGCTGAATCCGTATATCTGGC

TGCTTTCGTTTTGCTATGTGCTGGTCTATGTGGTTCGGGCGGCGATCAACGACTGGGGCAATTTGTATATGTCCGA

GATGCTGGGCGTCGATCTGGTCACGGCGAATACGGCAGTGACAATGTTTGAACTGGGCGGATTTATCGGTGCGCTG

GTAGCGGGTTGGGGTTCGGACAAACTGTTTAACGGCAACCGCGGGCCGATGAATTTGATTTTCGCCGCCGGAATTT

TGCTTTCAGTCGGCTCGCTGTGGCTGATGCCATTTGCCAGCTACGTGATGCAGGCAACCTGCTTCTTCACCATTGG

TTTTTTTGTCTTTGGCCCGCAGATGTTAATCGGCATGGCGGCGGCAGAGTGTTCCCACAAAGAGGCGGCAGGGGCG

GCGACGGGATTTGTCGGCTTGTTTGCTTATCTTGGTGCGTCGCTTGCTGGTTGGCCGCTGGCGAAAGTACTCGATA

CCTGGCACTGGAGCGGATTTTTTGTGGTTATCGCCATCGCCGCCGGGATTTCCGCACTGCTATTACTGCCCTTTTT

GAACGCCCAGACACCGCGAGAAGCGTGA 

uhpC WT Amino Acid Sequence_AAs of interest 

MLPFLKAPADAPLMTDKHEIDARYRYWRRHILLTIWLGYALFYFTRKSFNAAVPEILANGVLSRSDIGLLAPLFYI

TYGVSKFVSGIVSDRSNARYFMGIGLIATGIINILFGFSTSLWAFAVLWVLNAFFQGWGSPVCARLLTAWYSRTER

GGWWALWNTAHNVGGALIPIVMAASALHYGWRAGMMIAGCMAIVVGIFLCWRLRDRPQALGLPAVGEWRHDALEIA

QQQEGAGLTRKEILTKYVLLNPYIWLLSFCYVLVYVVRAAINDWGNLYMSEMLGVDLVTANTAVTMFELGGFIGAL

VAGWGSDKLFNGNRGPMNLIFAAGILLSVGSLWLMPFASYVMQATCFFTIGFFVFGPQMLIGMAAAECSHKEAAGA

ATGFVGLFAYLGASLAGWPLAKVLDTWHWSGFFVVIAIAAGISALLLLPFLNAQTPREA- 

MLPFLKAPADAPLMTDKHEIDARYRYWRRHILLTIWLGYALFYFTRKSFNAAVPEILANGVLSRSDIGLLAPLFYI

TYGVSKFVSGIVSDRSNARYFMGIGLIATGIINILFGFSTSLWAFAVLWVLNAFFQGWGSPVCARLLTAWYSRTER

GGWWALWNTAHNVGGALIPIVMAASALHYGWRAGMMIAGCMAIVVGIFLCWRLRDRPQALGLPAVGEWRHDALEIA

QQQEGAGLTRKEILTKYVLLNPYIWLLSFCYVLVYVVRAAINDWGNLYMSEMLGVDLVTANTAVTMFELGGFIGAL

VAGWGSDKLFNGNRGPMNLIFAAGILLSVGSLWLMPFASYVMQATCFFTIGFFVFGPQMLIGMAAAECSHKEAAGA

ATGFVGLFAYLGASLAGWPLAKVLDTWHWSGFFVVIAIAAGISALLLLPFLNAQTPREA-  

 

uhpC isolated nucleotide sequence_Ala303Val 

uhpC_SiteD_Ala303Val_FWD 25bp, 56%GC, 60.54°C 

GATTTATCGGTGTGCTGGTAGCGGG 

uhpC_SiteD_Ala303Val_REV 25bp, 56%GC, 60.54°C 

CCCGCTACCAGCACACCGATAAATC 
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uhpC_Test_Val265Ile_fwd 19bp, 58%GC, 55.6C 

TTGGTGAATGGCGGCACGA 

ATGTTGCCGTTTCTGAAAGCGCCCGCCGATGCGCCATTAATGACTGATAAACATGAAATTGATGCCCGCTATCGCT

ACTGGCGTCGGCATATTCTGCTGACCATCTGGCTGGGTTACGCGCTGTTTTACTTCACGCGTAAAAGTTTTAACGC

CGCCGTACCAGAAATCCTTGCTAACGGCGTGCTCAGCCGTAGCGATATTGGCCTGTTAGCGACCCTGTTTTACATT

ACCTACGGCGTGTCGAAGTTTGTCTCCGGCATTGTCAGCGATCGCTCAAATGCCCGTTATTTTATGGGGATAGGGC

TTATTGCCACGGGCATTATCAACATTCTGTTTGGCTTCTCGACGTCGCTATGGGCGTTTGCCGTGCTTTGGGTGTT

GAACGCCTTTTTCCAGGGCTGGGGTTCACCGGTGTGTGCGCGTCTGTTAACCGCCTGGTATTCTCGTACCGAGCGC

GGCGGTTGGTGGGCATTATGGAACACGGCGCATAACGTCGGCGGCGCACTCATTCCCATTGTGATGGCAGCGAGCG

CGCTGCATTACGGCTGGCGTGCCGGGATGATGATTGCGGGTTGTATGGCGATAGTCGTGGGGATTTTTCTCTGCTG

GCGGCTGCGCGATCGCCCGCAGGCGTTAGGTTTACCGGCGGTTGGTGAATGGCGGCACGACGCACTGGAGATTGCT

CAACAACAAGAAGGGGCAGGGCTGACGCGTAAAGAGATCCTCACCAAATATGTGTTGCTGAATCCGTATATCTGGC

TGCTTTCGTTTTGCTATGTGCTGGTCTATGTGGTTCGGGCGGCGATCAACGACTGGGGCAATTTGTATATGTCCGA

GATGCTGGGCGTCGATCTGGTCACGGCGAATACGGCAGTGACAATGTTTGAACTGGGCGGATTTATCGGTGCGCTG

GTAGCGGGTTGGGGTTCGGACAAACTGTTTAACGGCAACCGCGGGCCGATGAATTTGATTTTCGCCGCCGGAATTT

TGCTTTCAGTCGGCTCGCTGTGGCTGATGCCATTTGCCAGCTACGTGATGCAGGCAACCTGCTTCTTCACCATTGG

TTTTTTTGTCTTTGGCCCGCAGATGTTAATCGGCATGGCGGCGGCAGAGTGTTCCCACAAAGAGGCGGCAGGGGCG

GCGACGGGATTTGTCGGCTTGTTTGCTTATCTTGGTGCGTCGCTTGCTGGTTGGCCGCTGGCGAAAGTACTCGATA

CCTGGCACTGGAGCGGATTTTTTGTGGTTATCGCCATCGCCGCCGGGATTTCCGCACTGCTATTACTGCCCTTTTT

GAACGCCCAGACACCGCGAGAAGCGTGA 

uhpC WT Amino Acid Sequence_AAs of interest 

MLPFLKAPADAPLMTDKHEIDARYRYWRRHILLTIWLGYALFYFTRKSFNAAVPEILANGVLSRSDIGLLATLFYI

TYGVSKFVSGIVSDRSNARYFMGIGLIATGIINILFGFSTSLWAFAVLWVLNAFFQGWGSPVCARLLTAWYSRTER

GGWWALWNTAHNVGGALIPIVMAASALHYGWRAGMMIAGCMAIVVGIFLCWRLRDRPQALGLPAVGEWRHDALEIA

QQQEGAGLTRKEILTKYVLLNPYIWLLSFCYVLVYVVRAAINDWGNLYMSEMLGVDLVTANTAVTMFELGGFIGAL

VAGWGSDKLFNGNRGPMNLIFAAGILLSVGSLWLMPFASYVMQATCFFTIGFFVFGPQMLIGMAAAECSHKEAAGA

ATGFVGLFAYLGASLAGWPLAKVLDTWHWSGFFVVIAIAAGISALLLLPFLNAQTPREA- 

 

uhpC isolated nucleotide sequence_Asn160Ser 

uhpC_SiteD_Asn160Ser_FWD 23bp, 57%GC, 60.91°C 

GGCATTATGGAGCACGGCGCATA 

uhpC_SiteD_Asn160Ser_REV 23bp, 57%GC, 60.91°C 

TATGCGCCGTGCTCCATAATGCC 

uhpC_Test_Asn160Ser_fwd 17bp, 59%GC, 52.1C 

TTGGCTTCTCGACGTCG 

ATGTTGCCGTTTCTGAAAGCGCCCGCCGATGCGCCATTAATGACTGATAAACATGAAATTGATGCCCGCTATCGCT

ACTGGCGTCGGCATATTCTGCTGACCATCTGGCTGGGTTACGCGCTGTTTTACTTCACGCGTAAAAGTTTTAACGC

CGCCGTACCAGAAATCCTTGCTAACGGCGTGCTCAGCCGTAGCGATATTGGCCTGTTAGCGACCCTGTTTTACATT

ACCTACGGCGTGTCGAAGTTTGTCTCCGGCATTGTCAGCGATCGCTCAAATGCCCGTTATTTTATGGGGATAGGGC

TTATTGCCACGGGCATTATCAACATTCTGTTTGGCTTCTCGACGTCGCTATGGGCGTTTGCCGTGCTTTGGGTGTT
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GAACGCCTTTTTCCAGGGCTGGGGTTCACCGGTGTGTGCGCGTCTGTTAACCGCCTGGTATTCTCGTACCGAGCGC

GGCGGTTGGTGGGCATTATGGAACACGGCGCATAACGTCGGCGGCGCACTCATTCCCATTGTGATGGCAGCGAGCG

CGCTGCATTACGGCTGGCGTGCCGGGATGATGATTGCGGGTTGTATGGCGATAGTCGTGGGGATTTTTCTCTGCTG

GCGGCTGCGCGATCGCCCGCAGGCGTTAGGTTTACCGGCGGTTGGTGAATGGCGGCACGACGCACTGGAGATTGCT

CAACAACAAGAAGGGGCAGGGCTGACGCGTAAAGAGATCCTCACCAAATATGTGTTGCTGAATCCGTATATCTGGC

TGCTTTCGTTTTGCTATGTGCTGGTCTATGTGGTTCGGGCGGCGATCAACGACTGGGGCAATTTGTATATGTCCGA

GATGCTGGGCGTCGATCTGGTCACGGCGAATACGGCAGTGACAATGTTTGAACTGGGCGGATTTATCGGTGCGCTG

GTAGCGGGTTGGGGTTCGGACAAACTGTTTAACGGCAACCGCGGGCCGATGAATTTGATTTTCGCCGCCGGAATTT

TGCTTTCAGTCGGCTCGCTGTGGCTGATGCCATTTGCCAGCTACGTGATGCAGGCAACCTGCTTCTTCACCATTGG

TTTTTTTGTCTTTGGCCCGCAGATGTTAATCGGCATGGCGGCGGCAGAGTGTTCCCACAAAGAGGCGGCAGGGGCG

GCGACGGGATTTGTCGGCTTGTTTGCTTATCTTGGTGCGTCGCTTGCTGGTTGGCCGCTGGCGAAAGTACTCGATA

CCTGGCACTGGAGCGGATTTTTTGTGGTTATCGCCATCGCCGCCGGGATTTCCGCACTGCTATTACTGCCCTTTTT

GAACGCCCAGACACCGCGAGAAGCGTGA 

uhpC WT Amino Acid Sequence_AAs of interest 

MLPFLKAPADAPLMTDKHEIDARYRYWRRHILLTIWLGYALFYFTRKSFNAAVPEILANGVLSRSDIGLLATLFYI

TYGVSKFVSGIVSDRSNARYFMGIGLIATGIINILFGFSTSLWAFAVLWVLNAFFQGWGSPVCARLLTAWYSRTER

GGWWALWNTAHNVGGALIPIVMAASALHYGWRAGMMIAGCMAIVVGIFLCWRLRDRPQALGLPAVGEWRHDALEIA

QQQEGAGLTRKEILTKYVLLNPYIWLLSFCYVLVYVVRAAINDWGNLYMSEMLGVDLVTANTAVTMFELGGFIGAL

VAGWGSDKLFNGNRGPMNLIFAAGILLSVGSLWLMPFASYVMQATCFFTIGFFVFGPQMLIGMAAAECSHKEAAGA

ATGFVGLFAYLGASLAGWPLAKVLDTWHWSGFFVVIAIAAGISALLLLPFLNAQTPREA- 

 

uhpC isolated nucleotide sequence_Lys82Arg 

uhpC_SiteD_Lys82Arg_FWD 24bp, 58%GC, 60.45C  

TACGGCGTGTCGAGGTTTGTCTCC 

uhpC_SiteD_Lys82Arg_REV 24bp, 58%GC, 60.45C 

GGAGACAAACCTCGACACGCCGTA 

uhpC_Lys82Arg_Test_Fwd 21bp, 43%GC, 51.32C 

TCTAAGGTTCGATGATGTTGC 

ATGTTGCCGTTTCTGAAAGCGCCCGCCGATGCGCCATTAATGACTGATAAACATGAAATTGATGCCCGCTATCGCT

ACTGGCGTCGGCATATTCTGCTGACCATCTGGCTGGGTTACGCGCTGTTTTACTTCACGCGTAAAAGTTTTAACGC

CGCCGTACCAGAAATCCTTGCTAACGGCGTGCTCAGCCGTAGCGATATTGGCCTGTTAGCGACCCTGTTTTACATT

ACCTACGGCGTGTCGAAGTTTGTCTCCGGCATTGTCAGCGATCGCTCAAATGCCCGTTATTTTATGGGGATAGGGC

TTATTGCCACGGGCATTATCAACATTCTGTTTGGCTTCTCGACGTCGCTATGGGCGTTTGCCGTGCTTTGGGTGTT

GAACGCCTTTTTCCAGGGCTGGGGTTCACCGGTGTGTGCGCGTCTGTTAACCGCCTGGTATTCTCGTACCGAGCGC

GGCGGTTGGTGGGCATTATGGAACACGGCGCATAACGTCGGCGGCGCACTCATTCCCATTGTGATGGCAGCGAGCG

CGCTGCATTACGGCTGGCGTGCCGGGATGATGATTGCGGGTTGTATGGCGATAGTCGTGGGGATTTTTCTCTGCTG

GCGGCTGCGCGATCGCCCGCAGGCGTTAGGTTTACCGGCGGTTGGTGAATGGCGGCACGACGCACTGGAGATTGCT

CAACAACAAGAAGGGGCAGGGCTGACGCGTAAAGAGATCCTCACCAAATATGTGTTGCTGAATCCGTATATCTGGC

TGCTTTCGTTTTGCTATGTGCTGGTCTATGTGGTTCGGGCGGCGATCAACGACTGGGGCAATTTGTATATGTCCGA

GATGCTGGGCGTCGATCTGGTCACGGCGAATACGGCAGTGACAATGTTTGAACTGGGCGGATTTATCGGTGCGCTG

GTAGCGGGTTGGGGTTCGGACAAACTGTTTAACGGCAACCGCGGGCCGATGAATTTGATTTTCGCCGCCGGAATTT

TGCTTTCAGTCGGCTCGCTGTGGCTGATGCCATTTGCCAGCTACGTGATGCAGGCAACCTGCTTCTTCACCATTGG

TTTTTTTGTCTTTGGCCCGCAGATGTTAATCGGCATGGCGGCGGCAGAGTGTTCCCACAAAGAGGCGGCAGGGGCG

GCGACGGGATTTGTCGGCTTGTTTGCTTATCTTGGTGCGTCGCTTGCTGGTTGGCCGCTGGCGAAAGTACTCGATA
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CCTGGCACTGGAGCGGATTTTTTGTGGTTATCGCCATCGCCGCCGGGATTTCCGCACTGCTATTACTGCCCTTTTT

GAACGCCCAGACACCGCGAGAAGCGTGA 

uhpC WT Amino Acid Sequence_AAs of interest 

MLPFLKAPADAPLMTDKHEIDARYRYWRRHILLTIWLGYALFYFTRKSFNAAVPEILANGVLSRSDIGLLATLFYI

TYGVSKFVSGIVSDRSNARYFMGIGLIATGIINILFGFSTSLWAFAVLWVLNAFFQGWGSPVCARLLTAWYSRTER

GGWWALWNTAHNVGGALIPIVMAASALHYGWRAGMMIAGCMAIVVGIFLCWRLRDRPQALGLPAVGEWRHDALEIA

QQQEGAGLTRKEILTKYVLLNPYIWLLSFCYVLVYVVRAAINDWGNLYMSEMLGVDLVTANTAVTMFELGGFIGAL

VAGWGSDKLFNGNRGPMNLIFAAGILLSVGSLWLMPFASYVMQATCFFTIGFFVFGPQMLIGMAAAECSHKEAAGA

ATGFVGLFAYLGASLAGWPLAKVLDTWHWSGFFVVIAIAAGISALLLLPFLNAQTPREA- 

 

uhpC isolated nucleotide sequence_Val265Ile (Created: Col #1 seq was correct) 

uhpC_SiteD_Val265Ile_FWD 20bp, 60%GC, 55.29C  

GTCTATGTGATTCGGGCGGC 

uhpC_SiteD_Val265Ile_REV 20bp, 60%GC, 55.29C 

GCCGCCCGAATCACATAGAC 

uhpC_Test_Val265Ile_fwd 19bp, 58%GC, 55.6C 

TTGGTGAATGGCGGCACGA 

ATGTTGCCGTTTCTGAAAGCGCCCGCCGATGCGCCATTAATGACTGATAAACATGAAATTGATGCCCGCTATCGCT

ACTGGCGTCGGCATATTCTGCTGACCATCTGGCTGGGTTACGCGCTGTTTTACTTCACGCGTAAAAGTTTTAACGC

CGCCGTACCAGAAATCCTTGCTAACGGCGTGCTCAGCCGTAGCGATATTGGCCTGTTAGCGACCCTGTTTTACATT

ACCTACGGCGTGTCGAAGTTTGTCTCCGGCATTGTCAGCGATCGCTCAAATGCCCGTTATTTTATGGGGATAGGGC

TTATTGCCACGGGCATTATCAACATTCTGTTTGGCTTCTCGACGTCGCTATGGGCGTTTGCCGTGCTTTGGGTGTT

GAACGCCTTTTTCCAGGGCTGGGGTTCACCGGTGTGTGCGCGTCTGTTAACCGCCTGGTATTCTCGTACCGAGCGC

GGCGGTTGGTGGGCATTATGGAACACGGCGCATAACGTCGGCGGCGCACTCATTCCCATTGTGATGGCAGCGAGCG

CGCTGCATTACGGCTGGCGTGCCGGGATGATGATTGCGGGTTGTATGGCGATAGTCGTGGGGATTTTTCTCTGCTG

GCGGCTGCGCGATCGCCCGCAGGCGTTAGGTTTACCGGCGGTTGGTGAATGGCGGCACGACGCACTGGAGATTGCT

CAACAACAAGAAGGGGCAGGGCTGACGCGTAAAGAGATCCTCACCAAATATGTGTTGCTGAATCCGTATATCTGGC

TGCTTTCGTTTTGCTATGTGCTGGTCTATGTGGTTCGGGCGGCGATCAACGACTGGGGCAATTTGTATATGTCCGA

GATGCTGGGCGTCGATCTGGTCACGGCGAATACGGCAGTGACAATGTTTGAACTGGGCGGATTTATCGGTGCGCTG

GTAGCGGGTTGGGGTTCGGACAAACTGTTTAACGGCAACCGCGGGCCGATGAATTTGATTTTCGCCGCCGGAATTT

TGCTTTCAGTCGGCTCGCTGTGGCTGATGCCATTTGCCAGCTACGTGATGCAGGCAACCTGCTTCTTCACCATTGG

TTTTTTTGTCTTTGGCCCGCAGATGTTAATCGGCATGGCGGCGGCAGAGTGTTCCCACAAAGAGGCGGCAGGGGCG

GCGACGGGATTTGTCGGCTTGTTTGCTTATCTTGGTGCGTCGCTTGCTGGTTGGCCGCTGGCGAAAGTACTCGATA

CCTGGCACTGGAGCGGATTTTTTGTGGTTATCGCCATCGCCGCCGGGATTTCCGCACTGCTATTACTGCCCTTTTT

GAACGCCCAGACACCGCGAGAAGCGTGA 

uhpC WT Amino Acid Sequence_AAs of interest 

MLPFLKAPADAPLMTDKHEIDARYRYWRRHILLTIWLGYALFYFTRKSFNAAVPEILANGVLSRSDIGLLATLFYI

TYGVSKFVSGIVSDRSNARYFMGIGLIATGIINILFGFSTSLWAFAVLWVLNAFFQGWGSPVCARLLTAWYSRTER

GGWWALWNTAHNVGGALIPIVMAASALHYGWRAGMMIAGCMAIVVGIFLCWRLRDRPQALGLPAVGEWRHDALEIA

QQQEGAGLTRKEILTKYVLLNPYIWLLSFCYVLVYVVRAAINDWGNLYMSEMLGVDLVTANTAVTMFELGGFIGAL

VAGWGSDKLFNGNRGPMNLIFAAGILLSVGSLWLMPFASYVMQATCFFTIGFFVFGPQMLIGMAAAECSHKEAAGA

ATGFVGLFAYLGASLAGWPLAKVLDTWHWSGFFVVIAIAAGISALLLLPFLNAQTPREA- 
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uhpA uhpB uhpC uhpT 

Combined Complement Sequence (pUHPC1 sequence): uhp sequence / ptrc sequence 

AAGTCACCAGTTACGTTTATGCCACTGTCAACTGCTGAATTTTTTTCTCGCGGCGGATTTTGCGTTCTTCCA
TCACCGCCACTATCGCCATCAGGCAGATACAACCAATCGCGGCGATATCCAGCGCGGCGAAGGTGCCTGCCC
AGCCGGTAAGGCCAAATACCGGCGTCCCATCGGCAATCATTCCCAGACCTAACTTGGCAAAGCTGTCACCAA
TCAGGTAAGCGAAGGTGCCTTTAATACCATCGGCAGCGCCAATCGCTTTTTTAGGTACA AAGCCAACAGCCG
CCACACCAATCAACAATTGCGGGCCAAAGACCAGGAAACCCAACGCAAAGAGAGAAGCCAGGTAGATATATT
CGTTGCTGGCGTGTTGATACACACCGAGCGTGGCGATAATCAGCGCCAGCGCGATACAGGCCACCAGGCCAC
GGCGACCGTTCGCCAGGTCAGAGAGCCAGCCCCACAGCAGCGTACCGACCAGCGCACCAGCTTCAAACAGCG
TAAAGCCCTGAATCGCCACCGCTTTAG AGAGTTTCAGTTCCTGGAACGCATACACGGTTGACCACTGGTCGA
TACCAATACGCACCACATAGAGGAAAATGTTGGCAAAGCACAGCAGCCAGATCACTTTGTTTTTCAGCACAT
ACTCAACAAAGATCTGCCACTTGGTCATATCGGTAGATTCTGTCTCTTTATCCTCTTCACTGATCTCCTCGC
CAAACAGCTCTTCAGCTTTGCCGAGGCCATAAGATTCCGGGGAGTCGCTGCCGTAACGCAGACCAAT AAAAC
CAACAATCAGCGCGATAATCGACGGGAAAATAAACATGCCGATGACATGACCATCGAACAGGTAATTTGCGC
CGAACAGCGCCACACCTGCTGCGCCTGCACCACCAAGGTTGTGAGAAATGTTCCAGAAACCGAGGAATGTCC
CGCGTTTACGACGCGGCGTCCATTTGGTGATGGTGGAGTAACTGCACGAACCGCCGGTACTCTGGAAAAAGC
CGCTCAAGGCGTAGAAGGCAATCATCAGGAACAGG CTAACCGAGCCGCTGCCCATACTGGCACTGAAGCCCA
GCATACAAATGGCAGACAGGATCAGCATGAACGGCAGGAATTGTTTGGTGTTTTTGCCGTCGGCGTAGTAAG
AAACCAGCGTTTTACCCACGCCATAAGTGATGGAGAAGCCCAGGCCGATCATCCCCAGCTGCGTCATGCTCA
ACCCGTAGGTCGAGATCATGTCGTTCTGCGCGATGTTAAAGTTCTTGCGAATCAGGTACATCGTAAGGTAGC
CGATAAAGACCACCAGGTAGGATTGCATGAACGGTTTGAACCACATTTTGCGCCGCACTTCGAGCGGAAGGT
CCAGGGTCGGCTTGCGAACCTGGTT TTAGAAAGCCAGCAT GGGTTACTCCTGAAATGAATACCTGCGTGAGG
CATGCATTGTAAAAATCAGCAGCAAATCAGGCCTGAGATAGCGTCCAGGCAAAACCTGGAAAATTTCTTAGT
TTTGCCGGATATGAAGTGAAAAGGTGAGATGCA TCACGCTTCTCGCGGTGTCTGGGCGTTCAAAAAGGGCAG
TAATAGCAGTGCGGAAATCCCGGCGGCGATGGCGATAACCACAAAAAATCCGCTCCAGTGCCAGGTATCGAG
TACTTTCGCCAGCGGCCAACCAGCAAGCGACGCACCAAGATAAGCAAACAAGCCGACAAATCCCGTCGCCGC
CCCTGCCGCCTCTTTGTGGGAACACTCTGCCGCCGCCATGCCGATTAACATCTGCGGGCCAAAGACAAAAAA
ACCAATGGTGAAGAAGCAGGTTGCCTGCATCACGTAGCTGGCAAATGGCATCAGCCACAGCGAGCCGACTGA
AAGCAAAATTCCGGCGGCGAAAATCAAATTCATCGGCCCGCGGTTGCCGTTAAACAGTTTGTCCGAACCCCA
ACCCGCTACCAGCGCACCGATAAATCCGCCCAGTTCAAACATTGTCACTGCCGTATTCGCCGTGACCAGATC
GACGCCCAGCATCTCGGACATATACAAATTGCCCCAGTCGTTGATCGCCGCCCG AACCACATAGACCAGCAC
ATAGCAAAACGAAAGCAGCCAGATATACGGATTCAGCAACACATATTTGGTGAGGATCTCTTTACGCGTCAG
CCCTGCCCCTTCTTGTTGTTGAGCAATCTCCAGTGCGTCGTGCCGCCATTCACCAACCGCCGGTAAACCTAA
CGCCTGCGGGCGATCGCGCAGCCGCCAGCAGAGAAAAATCCCCACGACTATCGCCATACAACCCGCAATCAT
CATCCCGGCACGCCAGCCGTAATGC AGCGCGCTCGCTGCCATCACAATGGGAATGAGTGCGCCGCCGACGTT
ATGCGCCGTGTTCCATAATGCCCACCAACCGCCGCGCTCGGTACGAGAATACCAGGCGGTTAACAGACGCGC
ACACACCGGTGAACCCCAGCCCTGGAAAAAGGCGTTCAACACCCAAAGCACGGCAAACGCCCATAGCGACGT
CGAGAAGCCAAACAGAATGTTGATAATGCCCGTGGCAATAAGCCCTATCCCCATAAAATAACGGGCATTTGA
GCGATCGCTGACAATGCCGGAGACAAA CTTCGACACGCCGTAGGTAATGTAAAACAG GGTCGCTAACAGGCC
AATATCGCTACGGCTGAGCACGCCGTTAGCAAGGATTTCTGGTACGGCGGCGTTAAAACTTTTACGCGTGAA
GTAAAACAGCGCGTAACCCAGCCAGATGGTCAGCAGAATATGCCGACGCCAGTAGCGATAGCGGGCATCAAT
TTCATGTTTATCAGTCATTAATGGCGCATCGGCGGGCGCTTTCAGAAACGGCAACAT CATCGAACC TTAGAC
ATAACGTTGAGGTAGAGAAACGCTGACACGCGTGCCGTGCAGACAGGAAATGGTCAATGTGCCACCCAGCGC
CGTTACGCGCTCGCGCATTCCGGTAAGGCCAAAACCGTGTTGCCCGGAATCTGGCGGTAAACCGCTGCCATC
GTCTTCAATCACCAGCATCAACCGTTCATCCTGCTGCCAGCCTTGCAGGGTGACCGCGCTGGCATCAGCATG
TTTCACAATGTTGTTCAGCCCTTCCTGGCAGACA CGAAACAGCGTCACTCGCTGGTTTTCGCTTAACGCTGA
TTCATCGATTCGCCATTCGAGATGGCTGACAATGCCGCGCCCTTCCAGCTCCATTTCCCGCATCAGTGAGCG
GATGGCCTGCTCCAGGGTGAGATCATCCAACTGGCGCGGACGTAACCGACCTAACAAACGGCGCACCGCGTC
GTAAACGCCCAGCGATAGTTGTTCGATGAGCTGCCCGCTCTGTTTCACGCTGGCGTTATCTGCCGCCAGCCG
CTGAACAATGCCCGCTTGAGTTCGAATAGCAGTAATGGTCTGACCGATATCATCGTGCAGCTCACGTGCCAC
ATCACGGCGCACGCTCTCTTCGGTTTCCAGCAACCGTTCAGCGAGATGCTGATTGCGCGCCAGTTCCTTTTG
CAGCGACTGGTTAAGTTCACGCAACCGCTGGATGCCTGCGCCCAGTAACAACCCTGTCAGACTTTGCACCAA
CAGCGAGAGCAATAAATCCACCGGATGATCGCGCCAGGTTTG ACTGGCGATCAGCGCGATGGCGTTCATCAA
TGTCGCAATCAGCGCTCCTTGCCAACCATAGTGCCAGGCCAGCGCGATAATCGGCAGCGCCAGACAGAATGG
CGTAAAGCGCGACAGTTCGTCTGGCAATCCCAACTGGAGCCAGAGACTGATAACAAACAGCAGCAAGTACCA
GACCAGATGTCGCCCGCGCCAGTTGATTGGCTGAGAAACCAGTGACGGGCCGAGCGGCAGCCAGGTGTTATT
CGCCAGATAG TGCCAGAACACCAGACATATCGGGGCCAGCGTCAGGCCGCCAGTTAAAGTCAGCAGCAGCGC
ATTCCACGACTCTTTGCCGTGCCAAAGCCAGGGCAGCGACTGCAACAACGCCGCCGCAGTTAACGCCGCACC
CTGTAACAGCAAGGTGCGCCAGTCACGTTGATGGCGATAGCGCGAGATCAGCGCCACGGGCAATAACGTCAG
TAAACTACCGATCATCAATAAGGAGAAATGGGTTAAACCGACCGCCTGCA TTAGCCAGTAAATCAGCAGCCA
CTCCGCACCCAGTAGCACCGGCCAGTATCCGCGCGGGCATTGCAGCATTAGCCCTAGCCGCAGGCCAAACGG
AAATAACAGCACCGCCATATCAGGGCGCTCAACCAGGTGCAGGCTGATACTCCACAGGCAAAACCATGCGGC
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AGAGAAGATAAAAAATCAGGCAATAACGGTAATTAAGCGGGAGAACAACGTCTTCAT CACCAGCCATCAAAC
ATGCGGCGCGCCAGTTCAACGTCGTTACTGACGCCCAGTTTTTCCATCAGATTGGCGCGATGGACGTGTACC
GTTTTCGGCGACAAGCCCAGTTCGGCGGCAATCTCTTTCACCGCCATTCCTTGCGCCAGTTTTTCTGCCACC
TGGCGTTCGCGTTTGGTTAGCGGGTCCTGGCGACCGGATGCCAGTTTAATGGCAATATCCGGCGTCAGATAA
CAGCCGCCAGTGGCAACCGTATGCA CCGCAGCAATGAGTTCATCCGGGCTACAGCGTTTGGAGAGAAAGCCG
CGCGCCCCGGCGTTAAGCGCCTGCTCAACCAGCGCCGGACTGTCGTGAACGGAGAGCATAATTGTCGCCATG
CCTTTCGGCAGCTGGCTTAGAAGCTCCAGACCGGAGATATCAGGCATGGAGATATCGCAAATACACACCTGC
ACACCGCACCCCGGCAGCCCCGCCAGCGCCTCGCGCCCCGAACCAAACTCGGCAACTACCTGCAA ATCAGGT
TCCAGCCCCAGCAGCTACGCAAAGCCGGAGCGGACGATAAGGTGATCGTCTATAAGGGCAACGGTGATCAT G
ATCTTGTCCTGGAGGGTAATAAAACGCGCTTACCTTAACGATAAGCGCGATGTTGTTCAAGCCTTGAGCGGT
TACTGAAAAAACACCGCAATCTTGTTAAACATGGTCGGATCGGACTGATTACGCTGCACTTTCACCACATCT
TCCAGCTTGTCGATTTGGCTTATCATCTGCTCCAGACGCTGGTCGTCATTGACCAGTAGCCAGATGTGGCTT
TTGTCGCTGTCCTGAATCGGCAGGCAGAGAATGCCTTCA ACGTTAAAAGCGCGACGGGCAAAAAGGCCACAA
ACGTGGGTCATTACACCCGGATGGTTGCGAACGGTGAGTTCCAGAATCACGTTATCATGAGTTGTGTTTTGC
ATGGCTTATTCCCCCACCATTTCAGTATTCGCCGCACCT TGGCTGTTTTGGCGGATGAGAGAAGATTTTCAG
CCTGATACAGATTAAATCAGAACGCAGAAGCGGTCTGATAAAACAGAATTTGCCTGGCGGCAGTAGCGCGGT
GGTCCCACCTGACCCCATGCCGAACTCAGAAGTGAAACGCCGTAGCGCCGATGGTAGTGTGGGGTCTCCCCA
TGCGAGAGTAGGGAACTGCCAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTA
TCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGGGAGCGGATTTGAACGTTGCGAAGC
AACGGCCCGGAGGGTGGCGGGCAGGACGCCCGCCATAAACTGCCAGGCATCAAATTAAGCAGAAGGCCATCC
TGACGGATGGCCTTTTTGCGTTTCTACAAACTCTTTTTGTTTATTTTTCTAAATACATTCAAATATGTATCC
GCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAA GGAAGAGTATGAGTATTCAACATTT
CCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAA
AGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGAT
CCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGT
ATTATCCCGTGTTGA CGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGA
GTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAAC
CATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTT
GCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAAT GAAGCCATACCAAACGA
CGAGCGTGACACCACGATGCCTACAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTAC
TCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGC
CCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGC
ACTGGGGCCAGATGGTAAGCCCT CCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGA
ACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTC
ATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAA
TCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAA GATCAAAGG
ATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGT
GGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACC
AAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCT
CGCTCTGCTAATCCTGTTACCAGTGGCTGCT GCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAG
ACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCG
AACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAA
GGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACG C
CTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGG
GGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGC
TCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATAC
CGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGT GAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTA
TTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATATGGTGCACTCTCAGTACAATCTGCTCTGATGC
CGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCA
ACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCC
GGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCAGATCAATTCGCGCGCG
AAGGCGAAGCGGCATGCATTTACGTTGACACCATCGAATGGTGCAAAACCTTTCGCGGTATGGCATGATAGC
GCCCGGAAGAGAGTCAATTCAGGGTGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCAGAGTATGCCG
GTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCAC GTTTCTGCGAAAACGCGGGAAAAAG
TGGAAGCGGCGATGGCGGAGCTGAATTACATTCCCAACCGCGTGGCACAACAACTGGCGGGCAAACAGTCGT
TGCTGATTGGCGTTGCCACCTCCAGTCTGGCCCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTC
GCGCCGATCAACTGGGTGCCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGCGG
CGGTGCACAATCTTC TCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTGGATGACCAGGATGCCA
TTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTCTTGATGTCTCTGACCAGACACCCATCAACA
GTATTATTTTCTCCCATGAAGACGGTACGCGACTGGGCGTGGAGCATCTGGTCGCATTGGGTCACCAGCAAA
TCGCGCTGTTAGCGGGCCCATTAAGTTCTGTCTCGGCGCGTCTGCGTCTGGCTGG CTGGCATAAATATCTCA
CTCGCAATCAAATTCAGCCGATAGCGGAACGGGAAGGCGACTGGAGTGCCATGTCCGGTTTTCAACAAACCA
TGCAAATGCTGAATGAGGGCATCGTTCCCACTGCGATGCTGGTTGCCAACGATCAGATGGCGCTGGGCGCAA
TGCGCGCCATTACCGAGTCCGGGCTGCGCGTTGGTGCGGATATCTCGGTAGTGGGATACGACGATACCGAAG
ACAGCTCATGTTATATCCCGCCG TCAACCACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGG
ACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAA
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GAAAAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGG
CACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCGCGAATTGATC
TGGTTTGACAGCTTATCATCGACTGCACGGTGCACCAATGCTTCTGGCGTCAGGCAGCCATCGGAAGCTGTG
GTATGGCTGTGCAGGTCGTAAATCACTGCATAATTCGTGT CGCTCAAGGCGCACTCCCGTTCTGGATAATGT
TTTTTGCGCCGACATCATAACGGTTCTGGCAAATATTCTGAAATGAGCTG TTGACAATTAATCATCCGGCTC
GTATAATGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGAC  
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