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Abstract 

Urinary tract infections (UTIs) are one of the most common bacterial infections globally, 

affecting hospitals and communities with an estimated 150 million cases annually (Wagenlehner 

et al., 2020; Zagaglia et al., 2022). Infections are common with approximately 50% of females, 

12% of men, and 5% of children experiencing a UTI episode in their lifetime (González et al., 

2020). These infections are a large burden on affected individuals and healthcare systems due 

to the high morbidity and high medical costs involved, which are estimated to be more than $5 

billion annually in the United States alone (Terlizzi et al., 2017).  

Escherichia coli is a common facultative anaerobe in the mammalian gastrointestinal tract and 

can colonise the urinary tract as uropathogenic E. coli (UPEC) (Jaureguy et al., 2008; Kaper et al., 

2004). This bacterium is responsible for approximately 90% of community-acquired UTIs (Flores-

Mireles et al., 2015). Management of UTIs often uses empirical broad-spectrum antibiotics, 

making them the second most common cause for hospital antibiotic prescriptions (Pujades-

Rodriguez et al., 2019; Zhou et al., 2023). The overprescription of antimicrobials may factor into 

the emergence of antimicrobial resistant (AMR) microorganisms such as E. coli. As it is one of 

the most critical AMR bacteria due to its ability to evade antibiotic treatment and transfer 

resistance genetic material to other species (Zhang et al., 2019).  

Trimethoprim (TMP) is a synthetic folic acid antibiotic which was commonly used as a first-line 

treatment for UTIs and is now used in combination with sulfamethoxazole (SMX) as TMP-SMX. 

However, current global TMP prescription rates have declined due to the high resistance rates 

observed by recent clinical screenings (Schito et al., 2009; Zagaglia et al., 2022; Zhanel et al., 

2006).  While several resistance mechanisms have been identified in some key bacterial species 

throughout international research, the extent of clinical AMR in New Zealand (NZ) and resistance 

mechanisms are currently underexplored.  

Antibiotic susceptibility testing (AST) was performed using disk diffusion assays and minimum 

inhibitory concentration (MIC) analysis to determine the resistance profiles of 106 E. coli isolates 

obtained from Middlemore Hospital (Auckland, NZ). Using disk diffusion assay AST, each isolate 

was tested against first-line antibiotics used to treat UTIs such as meropenem, TMP, TMP-SMX, 

amoxicillin-clavulanic acid, and nitrofurantoin, and the available national resistance data 

(BpacNZ, 2017; LabPLUS, 2023). One isolate was resistant to meropenem, 98 isolates were 

resistant to TMP, with 83 of these isolates being resistant to TMP-SMX. Eight isolates were 

resistant to amoxicillin-clavulanic acid, and two isolates were resistant to nitrofurantoin. Three 

of the 106 isolates were non-viable during culturing and were not investigated further. The 74 
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TMP-SMX resistant isolates underwent MIC testing where 24-hour optical density (OD) readings 

were generated at TMP concentrations ranging from 8-4096 µg/mL. These OD values were used 

to generate two criteria, based on growth rates features and estimated MIC, to classify isolates 

into low, medium, and high levels of TMP resistance. Based on these criteria, many of these 

isolates were classified as being of medium level resistance.  

Results from MIC testing suggested resistant isolates were able to tolerate a TMP concentration 

of upwards of 128 times above the clinical breakpoint as demonstrated by OD curves. Therefore, 

whole genomes of six TMP-SMX resistant isolates were sequenced using Nanopore MinION 

(Oxford Nanopore Technology), with two isolates selected from each of the three TMP 

resistance levels generated from the two criteria. This aimed to identify differences in antibiotic 

resistance mechanisms within each resistant level. OrthoVenn3 and Comprehensive Antibiotic 

Resistance Database (CARD) were used to investigate novel resistance mechanisms, where 

efflux pumps and antibiotic target alterations were highlighted as potential mechanisms 

involved in E. coli TMP resistance, with the presence of the dihydrofolate reductase (dfrA) gene 

being an established mechanism (Brolund et al., 2010; Grape et al., 2007; Somorin et al., 2022). 

A total of 152 protein clusters were shared among all six isolates, with known AMR genes 

detected irrespective of the isolates TMP resistance, each containing two or three copies of the 

dfrA gene located on plasmids.  

Overall, these results confirm the presence of TMP resistance in NZ E. coli isolates from UTIs. 

The level of TMP resistance shows no observable influence on the presence or absence of AMR 

genes. Future research on the expression levels of these genes to fully understand TMP 

resistance in UPEC. 
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Chapter 1 General Introduction and Literature Review 

1.1 General Introduction 

Antimicrobial resistance (AMR) is a growing global public health crisis, contributing to increased 

morbidity and mortality. Nearly all human associated pathogens exhibit AMR, burdening 

healthcare systems with over 700,000 deaths from drug-resistant infections annually (Melnyk 

et al., 2015; Zhang et al., 2019). Currently, antibiotics target several proteins in bacteria where 

genetic mutations of these targets can result in widespread resistance to multiple antibiotic 

classes (Manna et al., 2021; Tamer et al., 2019). This concern is increased when resistant bacteria 

transfer mobile genetic elements and other microbial characteristics which enhance resistance 

(Pattis et al., 2022; Sheikh et al., 2019).  

Urinary tract infections (UTIs) are the second most common clinical infection for antibiotic 

treatment in primary and secondary care, with catheter-associated UTIs being the most 

common nosocomial infection (Chen et al., 2019). Inaccurate patient diagnosis and treatment 

of UTIs may result in serious outcomes, including treatment failure, diagnostic errors, antibiotic 

related adverse reactions, and promoting antibiotic resistance (Chen et al., 2019). The antibiotic 

trimethoprim (TMP) was introduced in the 1960s as a first line treatment for uncomplicated UTIs 

in adults. This antibiotic was primarily used to treat uropathogenic Escherichia coli (UPEC), which 

accounts for approximately 90% of community-acquired UTIs (Flores-Mireles et al., 2015). 

However, its efficacy is now limited due to the rapid increase of TMP resistance globally (Flores-

Mireles et al., 2015; D. S. Lee et al., 2018b; Manna et al., 2021). As a result, major international 

and New Zealand (NZ) guidelines now recommend short-term courses for oral antibiotics for UTI 

management and addressing antibiotic stewardship (BpacNZ, 2017; Novelli & Rosi, 2017).  

The development of new antibiotics may be insufficient in combating the AMR public health 

crisis, rather an understanding of the mechanisms driving resistance, alongside antibiotic 

stewardship and community education is the ideal strategy (Lewnard et al., 2024; McCormick et 

al., 2020; Santana et al., 2024). Resistance to TMP in E. coli isolated from urine samples has been 

established by the presence of dihydrofolate reductase (dfrA) genes (Brolund et al., 2010; Grape 

et al., 2007; Somorin et al., 2022).  There is little understanding about infection cycles in humans, 

especially mechanisms of antifolate resistance associated with gram-negative clinical samples 

(Shi et al., 2021; Toulouse et al., 2020). Understanding the mechanisms involved in E. coli 

antibiotic resistance is crucial for explaining treatment failure whilst predicting which 

treatments may soon become ineffective (Santana et al., 2024). While UPEC pathogenesis has 

been widely studied internationally, much of this research relies on computer simulations or 
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murine models to understand common evolutionary resistance caused by target mutations 

(Birkegård et al., 2018; Mulvey et al., 2000). However, these resistance strategies have not been 

fully established at biological and molecular levels during the treatment of uncomplicated UTIs 

(D. S. Lee et al., 2018b; Manna et al., 2021; Mulvey et al., 2000; Subashchandrabose et al., 2014; 

Tamer et al., 2019).  

Published data on AMR bacteria and mechanisms of resistance in NZ is limited and outdated 

(Pattis et al., 2022). Furthermore, studies on clinical E. coli infections and antibiotic resistance 

are limited, with no investigations into their underlying molecular mechanisms of resistance 

(Heffernan et al., 2009; LabPLUS, 2023; Mangin et al., 2005; Pattis et al., 2022; Williamson & 

Heffernan, 2014). With a few whole genomes of NZ UPEC isolates currently available, a larger 

investigation of resistance mechanisms using whole genome sequencing (WGS) is needed to 

understanding AMR.  

The increase in global AMR is a clinical challenge which greatly impacts individuals and 

healthcare resources (Ahmed et al., 2024).  The high occurrence of resistant E. coli in NZ, along 

with the reduced effectiveness of TMP driven by rising global AMR rates, highlights the 

importance of studying this pathogen. To understand why antibiotic treatment is failing, it is 

important to investigate antibiotics which have already failed and therefore create better 

guidelines around antibiotic stewardship for the treatment of UTIs. The purpose of this thesis is 

to contribute to knowledge focused on antibiotic resistance mechanisms by E. coli in NZ using 

AST, WGS, and comparative genomic analysis. The aims of this project are listed below in Section 

1.2 and presented inFigure 1.1. 

1.2 Research Questions and Aims  

Research question (RQ) 1: What antibiotics are UPEC isolates resistant to and at what 

concentrations?   

Aim 1.1: To confirm isolates obtained from Middlemore Hospital phenotypically 

demonstrate TMP resistance. 

Objective 1.1.1: Disk diffusion assays using different antibiotic disks will be 

placed onto agar containing different UPEC isolates. Zones of inhibition will be 

measured and recorded. Isolates which are susceptible to TMP containing disks 

will be used for further testing. 

Aim 1.2: To determine what antibiotics UPEC isolates are resistant to.  
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Objective 1.2.1: Disk diffusion assays using different antibiotic disks will be 

placed onto agar containing different UPEC isolates. Zones of inhibition will be 

measured and recorded.  

RQ2: How does the growth rate vary between TMP resistant UPEC isolates (determined by RQ1) 

in the presence of varying concentrations of TMP at 37°C? 

Aim 2.1: To determine a criterium for low, medium, and high levels of TMP resistance.  

Objective 2.1.1: Minimum inhibitory concentration (MIC) testing will be carried 

out using a 96-well plate and two-fold increasing TMP concentrations of 8 - 4096 

µg/mL, where 24-hour absorbance readings will be taken.  

Objective 2.1.2: Criteriums will be generated based on OD features and 

estimated MIC. Isolates will be organised within low, medium, and high levels 

of TMP resistance based on these criteria. 

Aim 2.2: To interpret growth rates of isolates between low, medium, and high TMP 

resistance levels. 

Objective 2.2.1: Isolates within each TMP resistance level will be analysed based 

on growth rate features such as steepness of curves and MIC.  

Objective 2.2.2: Isolates from each of the TMP resistance levels will be chosen 

for further testing.  

RQ3: What are the genetic differences of the whole genomes of differing levels of TMP resistant 

UPEC strains in the absence of the antibiotic? 

Aim 3.1: To assemble the whole genomes of isolates at each of the three resistance 

levels.   

Objective 3.1.1: After Oxford Nanopore MinION sequencing, whole genomes 

will be constructed using de novo assembly.  

Objective 3.1.2: The quality of the constructed genomes will be visualised using 

Bandage and annotated using Rapid Annotations using Subsystems Technology 

(RAST). 

Aim 3.2: To investigate the genomic variations between sequenced genomes.  
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Objective 3.2.1: Orthologous protein clusters will be identified and compared 

among whole genomes and gene sets of isolates from Aim 3.1 using 

OrthoVenn3. 

Objective 3.2.2: The Comprehensive Antibiotic Resistance Database (CARD) will 

be used to identify known antibiotic resistance genes present in isolate 

genomes from Aim 3.1. 

Objective 3.2.3: Identified genes associated with antibiotic resistance will be 

compared among isolates to identify similar resistance gene mechanisms 

between low, medium, and high TMP resistance levels.  

Objective 3.2.4: Phylogenetic trees of the nucleotide and protein sequences 

from dfrA genes of each isolate will be generated using MEGA11.    
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Figure 1.1: Schematic of the RQs of this study.
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1.3 Literature Review 

1.3.1 Urinary Tract Infections 

Urinary tract infections (UTIs) are one of the most common global bacterial infections in 

communities and healthcare systems  with approximately 150 million individuals affected 

annually (Chagneau et al., 2021; Wagenlehner et al., 2020; Zagaglia et al., 2022). At least 40% of 

women, 12% of men, and 5% of children will experience a UTI episode in their lifetime (González 

et al., 2020). Adult women have the highest rates of infection with 50-60% (Medina & Castillo-

Pino, 2019). This is a large concern for affected individuals and their supporting healthcare 

systems.  

Classifications of UTIs vary depending on the risk factors, clinical presentation (i.e., symptomatic, 

or asymptomatic), and the acquired source of the infection. Infections may be acquired through 

hospitals, wider healthcare systems, or within communities (Arafi et al., 2023). The urinary tract 

is a sterile environment, excluding the distal urethra (Sarowska et al., 2019). Therefore, 

individuals with structural or functional urinary tract abnormalities have a higher risk for UTI 

occurrence (D. S. Lee et al., 2018b). This determines the treatment plan for the individual (Arafi 

et al., 2023).  

1.3.1.1 Uncomplicated Urinary Tract Infections 

Individuals with uncomplicated UTIs typically lack urinary tract abnormalities, catheterisation, 

or obstruction, and their healthy immune systems are usually able to control the infection (Arafi 

et al., 2023). For example, uncomplicated UTIs may be seen in 20-80% of healthy non-pregnant 

females with asymptomatic bacteriuria (≥ 105 CFU/mL bacteria in urine without clinical 

symptoms) as their immune systems are able to resolve the infection and treatment is not 

required (Schneeberger et al., 2014).  

The progression of infection by pathogens (uropathogens) into the urinary tract may affect other 

organs within the urinary system (Figure 1.2). Urethritis is used to describe the presence of 

uropathogens in the ureter where urine may contain bacteria (bacteriuria) or neutrophils and 

pus (pyuria) (Ghosh et al., 2021; Luna-Pineda et al., 2016; Ussher et al., 2020). When the 

infection progresses to the bladder it is known as cystitis, which is prevalent in females with 

approximately 11% over the age of 18 years developing annual cystitis infections (Flores-Mireles 

et al., 2015; Silverman et al., 2013; Terlizzi et al., 2017). Lower UTIs in males may cause 

pyelonephritis or genital infections such as prostatitis and epididymo-orchitis, with the potential 

to progress to urosepsis (Wagenlehner et al., 2020). Lower UTIs involve the lower organs of the 
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urinary system and are classified as being ‘uncomplicated’ as they are typically benign  and have 

not progressed to the kidneys or into the bloodstream (Klein & Hultgren, 2020; Wagenlehner et 

al., 2020). 

1.3.1.2 Complicated Urinary Tract Infections 

Complicated UTIs are often associated with urinary catheterisation and obstruction or long urine 

retention (Hong et al., 2020). These increases UTI persistence, increase the risk of recurrent 

infections, and may require longer treatment therapies  (Arafi et al., 2023).  

Upper UTIs are classified as being ‘complicated’ as they may have progressed to the kidneys or 

into the bloodstream (bacteraemia) resulting in urosepsis and becoming life-threatening (Klein 

& Hultgren, 2020; Wagenlehner et al., 2020). This may be the result of infection and pus within 

the kidneys causing obstruction and resulting in pyonephrosis due to uncomplicated UTIs not 

being treated effectively (Ghosh et al., 2021; Ussher et al., 2020; J. Yang et al., 2021).  

 

Figure 1.2: Overview of infection caused by uropathogens (adapted from Fairweather et al. 

(2020) and Klein and Hultgren (2020)). 
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1.3.1.3 Recurrent Urinary Tract Infections 

Along with being common infections, UTIs also have a high recurrence rate (Zhou et al., 2023). 

Recurrent UTIs are defined by two confirmed episodes within a six-month period, or three 

episodes within a 12-month period (Churchill, 2023; Murray et al., 2021). Recurrence is most 

common in adult females, where more than 25% of females experience an infection within three 

to four months of the initial infection (Churchill, 2023; Kao et al., 2023; Mann et al., 2017; Murray 

et al., 2021; Terlizzi et al., 2017). Uropathogenic strains causing recurrent UTIs may be the same 

or different from alternative origins such as from the bladder epithelium or by strains commonly 

found in the gut which are then able to re-inoculate the bladder (Johnson & Russo, 2005).  

1.3.2 Uropathogenic Escherichia coli 

Different pathogenic organisms, including gram-positive and gram-negative bacteria and fungi, 

can cause UTIs  (Ruța et al., 2024). Uropathogenic bacteria are the primary causative organisms 

of UTIs as they typically reside in the intestine and can infect the periurethral region. They are 

then able to colonise the urethra and spread towards the bladder (Flores-Mireles et al., 2015). 

Uropathogenic bacterial species varying between the different UTI types such as uncomplicated 

and complicated cystitis, pyelonephritis, and urosepsis (Wagenlehner et al., 2020). 

Uropathogenic Escherichia coli (UPEC) is the leading pathogenic cause of UTIs, accounting for 

more than 80% of reported cases (Flores-Mireles et al., 2015; Wagenlehner et al., 2020). Other 

bacterial species such as Klebsiella spp., Staphylococcus spp., Enterobacter spp., Proteus spp., 

and Enterococcus spp., may also cause UTIs to a lesser extent than UPEC (Flores-Mireles et al., 

2015; Foxman, 2014; Wagenlehner et al., 2020).  

Escherichia coli is a non-sporulating gram-negative rod-shaped bacterium (Rozwadowski & 

Gawel, 2022; Ye et al., 2022). E. coli is classified into one of three groups: commensal (non-

pathogenic) strains which exist with the host without causing disease, intestinal pathogenic 

(diarrheagenic) strains, or extraintestinal pathogenic strains (Lloyd et al., 2009). It typically 

colonises the mucosal layer in mammalian colons and is the most abundantly found facultative 

anaerobe as part of the human gastrointestinal tract flora (Jaureguy et al., 2008; Kaper et al., 

2004). Colonisation of the human gastrointestinal tract begins within the first few hours of birth. 

This microbial community synergistically supports digestions, synthesising essential vitamins, 

maintaining microbial balance, and regulating physical and chemical environments of the human 

gut (Etefia & Solomon, 2020; Kaper et al., 2004; Sarowska et al., 2019).  E. coli can reside in the 

urinary microbiome without causing irritation, as many strains are non-pathogenic as part of the 

normal human flora (Abdelwahed et al., 2022; Crum et al., 2023). They are opportunistic strains 

where they rarely cause disease unless the host is immunocompromised or gastrointestinal 
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barriers are disturbed (Braz et al., 2020; Kaper et al., 2004). UPEC is one of the few uropathogens 

causative of both uncomplicated and complicated UTIs (Flores-Mireles et al., 2015).  Studies 

have shown that UTI patients often have high concentrations of UPEC strains in their gut, which 

is predicted to increase the risk of recurrent infections (Nielsen et al., 2014; Yamamoto et al., 

1997). UPEC strains can cause a large excessive host inflammation response which causes 

uroepithelial apoptosis that impairs innate immune cell function by exposing deeper immature 

cells to UPEC (González et al., 2020; Wu et al., 2022). These mechanisms are often seen in UPEC 

associated recurrent UTIs, as nearly half of recurrent uncomplicated cystitis cases being caused 

by the same strain as the initial infection (Murray et al., 2021; Rosen et al., 2007). This 

persistence places a considerable burden on the suffering patients, healthcare systems, and the 

economy (Flores-Mireles et al., 2015).  

Uroepithelial cells are typically the first to respond to microbial invasion, coordinating 

subsequent host responses through the release of cytokines, inflammation, complement 

proteins, and the influx of neutrophils. When UPEC infects uroepithelial cells, toxins such as 

haemolysis and cytotoxic necrotising factor-1 are produced to mediate direct cell lysis or injury, 

exposing the mucosal barrier, and allowing the access to the underlying tissues. With the 

exposed urinary tract mucosa, the established UPEC triggers rapid host immune responses (Wu 

et al., 2022). UPEC pathogenesis involves colonisation of the periurethral area and urethra via 

fimbria where UPEC cells ascend via the bladder lumen, allowing planktonic cells to flourish and 

be shed in the urine. Cells adhere to the bladder epithelium triggering host cells defence systems 

and initiating apoptosis, allowing bladder invasion and replication results in the formation of 

bacterial communities of intracellular biofilm like structures (Flores-Mireles et al., 2015; 

Silverman et al., 2013; Terlizzi et al., 2017). UPEC forms protective structures that promote 

reinfection in the urothelial cytoplasm by causing bladder cell lysis (Luna-Pineda et al., 2016; 

Martínez-Figueroa et al., 2020). Exfoliated epithelial cells are then excreted in urine while 

intracellular reservoirs may be present in a dormant state which allows for long term survival 

and reinfection (Luna-Pineda et al., 2016; Rosen et al., 2007). Reactivation occurs via exocytosis 

where UPEC can reinfect new superficial epithelial cells and initiate another infection cycle 

(González et al., 2020; Luna-Pineda et al., 2016). Kidney colonisation by UPEC occurs via 

adhesions or pili which damage host tissue by producing toxins, and allowing UPEC to penetrate 

the epithelial barrier which can result in bacteraemia and septicaemia (Flores-Mireles et al., 

2015; Silverman et al., 2013; Terlizzi et al., 2017). 
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1.3.2.1 Morphology 

There are morphological variations by UPEC during infection, whereby they typically exist as 

short rods or nearly spherical cells within biofilm communities (Justice et al., 2008). After host 

cells have been lysed, dispersed subpopulations may appear as rods, motile rods, or filamentous 

(Justice et al., 2006). This filamentation is caused by elongation and chromosomal replication in 

the absence of environmental stress, and is characteristic of UPEC in UTIs as it promotes 

dispersal, attachment, and phagocytosis evasion (Arafi et al., 2023; Horvath et al., 2011; Justice 

et al., 2006; Möller et al., 2013).  

1.3.2.2 Virulence Factors and Virulence  

Intestinal E. coli strains originating from the gastrointestinal tract may differ in growth factors 

and persistence at infection sites, therefore they result in diverse virulence profiles when they 

colonies the urinary tract (Geurtsen et al., 2022). Virulence factors in UPEC are adhesions 

including fimbriae and pili, iron acquisition systems, toxins, protective surface structures such 

as a capsule, protective surface structures, biofilm formation, and immune evasion proteins 

Figure 1.3 (Murray et al., 2021; D. Yang et al., 2021). 

 

Figure 1.3: Main virulence factors of UPEC (retrieved from Totsika et al. (2012)). 
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These factors allow adherence, invasion, toxicity, effector molecule delivery, and motility 

(Croxen & Finlay, 2010; Kaper et al., 2004). They contribute to immune evasion by overcoming 

antigenic recognition, evading phagocytosis, counteracting proteolysis, whilst enhancing stress 

tolerance, promoting essential ion uptake such as iron and magnesium, and regulating other 

virulence determinants (Geurtsen et al., 2022; Terlizzi et al., 2017).  

UPEC virulence factors allow for the survival in low oxygen and nutrient environments such as 

the bladder and kidney by allowing adherence, colonisation, host cell invasion, tissue damage, 

and immune evasion in the host (Murray et al., 2021; D. Yang et al., 2021). Biofilm formation 

also contributes to UPEC virulence and contributes to pyelonephritis infection and the 

development of chronic or recurrent UTIs (Soto et al., 2006).  

1.3.2.3 Genomic Characteristics 

Pathogenic E. coli strains generally have larger genomes than commensal strains, mainly due to 

the acquisition of large chromosomal insertions (Lloyd et al., 2009; Rode et al., 1999). As a result, 

genome sizes vary in length from approximately 4.7 – 5.1 kilo base pairs (kbp) (Rode et al., 1999). 

Studies investigating UPEC strains have reported larger genome sizes with approximately 5.3 

kbp and an average guanine and cytosine content of 51% (Lloyd et al., 2009; Subhadra et al., 

2018). As sequencing technology advances, more E. coli isolates are analysed, increasing the 

number of gene families which are identified (Rouli et al., 2015). Studies have identified 

approximately between 1000 and 3000 genes in E. coli genomes using technology such as 

microarrays and sequencing (Geurtsen et al., 2022). Many of these genes encode essential 

housekeeping proteins which are involved in replications, transcription, translation, and 

necessary basic metabolic functions (Leimbach et al., 2013; Rasko et al., 2008). The genes which 

are encoded include those involved in transport processes such as efflux pumps (Teelucksingh 

et al., 2020). This gene variation in E. coli genomes may allow for adaptive advantages when in 

competitive microbial communities with other bacterial species (Geurtsen et al., 2022).  

Commensal E. coli strains can act as genetic repositories by acquiring and transferring 

deoxyribonucleic acid (DNA) from other strains and contributing to the emergence of pathogenic 

isolates (Rasko et al., 2008). Conversely, pathogenic strains may revert to commensalism by 

losing or transferring genetic material such as via plasmids (Geurtsen et al., 2022). 

1.3.2.4 Natural Reservoirs 

The human gastrointestinal tract is the primary natural reservoir of E. coli, and rarely causes 

complications in healthy individuals (García et al., 2023). Approximately half of complicated UTI 

cases originate from commensal E. coli strains, while the remaining half are caused by 
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extraintestinal pathogenic E. coli (Chen et al., 2020). This colonisation of the enteric rectal flora 

resulting in UTIs such as cystitis has been recognised as the faecal-perineal-urethral hypothesis 

(Yamamoto et al., 1997). Recent studies have shown that patients with recurrent UTIs are often 

reinfected by uropathogenic strains which reproduce within the intestinal reservoir (Johnson & 

Russo, 2005; Kaper et al., 2004; Thänert et al., 2019; Ukah et al., 2018). This has been supported 

through several studies where faecal samples from patients presenting symptomatic UTIs 

exhibit the same strain of UPEC in their stool (Thänert et al., 2019). Further studies have 

suggested that intestinal E. coli present in the intestinal microbiota is able to exchange virulence 

factors between cells, promoting the emergence of hybrid intestinal E. coli which are pathogenic 

and result in UTIs (Gati et al., 2019; Lara et al., 2017; Santos et al., 2020; Valiatti et al., 2020). 

1.3.2.5 Growth in the Lab 

Bacterial growth and the growth rate refer to the increase in cell number or biomass over time 

under controlled conditions (Wiegand et al., 2008). Bacteria are cultivated on agar plates or in 

liquid broth to investigate phenotypes and novel bacterial functions (Boolchandani et al., 2019). 

E. coli can grow in minimal media containing carbon sources such as glucose with nitrogen, 

phosphorus, and trace metals present (Elbing & Brent, 2019). In the laboratory, E. coli has a 

doubling time of approximately 20 minutes in media with optimal pH and nutrients and 

incubated at 37°C and aerobic conditions (Tuttle et al., 2021). Growth is faster in rich media 

where amino acids and other metabolites are available to support cell synthesis (Elbing & Brent, 

2019). Studies have used Luria Bertani broth (LB) and artificial urine to compare the nutrients 

available to cell growth as virulence gene expressions may vary between the two media types 

and certain strains may prefer the differing nutrients (Koudounas et al., 2021; Sarshar et al., 

2022). 

1.3.3 Infection Diagnosis 

Diagnosis is typically performed in three stages. First, during triage where practitioners assess 

patients through targeted questions to determine whether testing is needed and which tests to 

perform. Second, a sample from the patient is analysed using laboratory-based methods. Third, 

the test results are communicated back to the patient (Versluis et al., 2022).  

1.3.3.1 Clinic and Practitioner Diagnosis 

Clinical diagnosis of UTIs is commonly characterised by patient symptoms such as pelvic pain, 

urination frequency and urgency, nausea, or fever (Bilsen et al., 2023). Pelvic discomfort is a 

noticeable symptom experienced by individuals as urinary tract pathogens initiate epithelial 

inflammation (Ussher et al., 2020; Warren et al., 2011). However, some patients may be 
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asymptomatic without the typical symptoms of dysuria or frequency but have significant urinary 

tract bacterial colonisation (Nicolle et al., 2019). 

The dipstick method is one of the most commonly used diagnostic test for UTIs in healthcare 

settings, as it detects infection indicators in urine (Bilsen et al., 2023; Dadzie et al., 2019; Somorin 

et al., 2022). A positive dipstick test is where high red blood cells, neutrophils and nitrates in 

patient urine is identified and therefore suggests an infection (Dadzie et al., 2019). These are 

indicators as they reflect the host immune responses, such as high production of neutrophils 

directed to infected bladder cells and the production of nitric oxide and defensins by urothelial 

cells (Mulvey et al., 2000). While the dipstick test is inexpensive and rapid, it provides limited 

information as not all patients with bacteriuria display UTI symptoms (asymptomatic UTIs) and 

its accuracy varies across populations and urine outputs (Bafna et al., 2020; Lammers et al., 

2001; Marques et al., 2017). Clinical evidence suggests variability in pathogen cell counts in urine 

between symptomatic patient cases (Churchill, 2023; Wagenlehner et al., 2020). Therefore, 

laboratory-based diagnostics are recommended to ensure the most appropriate treatment plan 

is made.  

1.3.3.2 Laboratory Diagnostics 

Laboratory diagnostic testing refers to the testing to determine the presence of a disease 

through the culturing and analysis of patient urine to determine the most suitable treatment 

plan (Bafna et al., 2020; Versluis et al., 2022). Laboratory diagnostic methods may include 

microscopy and flow cytometry to quantify pyuria, as well as blood and urine culturing and 

susceptibility testing (Bilsen et al., 2023). The presence of over 105 colony forming units of a 

pathogen per millilitre (CFU/mL) of urine in a midstream urine sample has been used as an 

indication of infection during urinalysis (Al Lawati et al., 2024). However, studies have suggested 

that lower CFU/mL may be clinically relevant especially in symptomatic patients (Churchill, 2023; 

Terlizzi et al., 2017; Zhou et al., 2023).  

1.3.4 Antibiotic Therapeutic Treatment 

Patients with UTIs are often diagnosed in clinics by a positive dipstick as described in Section 

1.3.3.1. This guides empirical treatment which is often managed with antibiotic therapy (Dadzie 

et al., 2019; Zhou et al., 2023). UTIs are the second most common use of nosocomial antibiotic 

prescriptions globally where broad spectrum agents widely prescribed (Sharma et al., 2021; 

Zhou et al., 2023). Some first line antibiotic recommendations for these infections include 

nitrofurantoin, trimethoprim-sulfamethoxazole, pivmecillin, and fosfomycin (Luna-Pineda et al., 

2016; Zhou et al., 2023).  
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Antibiotics act through five main mechanisms of action: blocking bacterial cell wall synthesis, 

disrupting protein biosynthesis, interfering with nucleic acid replication, impairing bacterial 

metabolic pathways, or inhibiting membrane function Figure 1.4 (Kapoor et al., 2017).  

Bacterial cell walls are supported by peptidoglycan, making them an antibiotic target by beta-

lactams (β-lactams) and fosfomycin to disrupt peptidoglycan synthesis while glycopeptides 

inhibit chain elongation which leaves bacterial cells vulnerable to lysis (Bush & Bradford, 2016; 

Uddin et al., 2021; Wang et al., 2018). Protein biosynthesis is inhibited in ribosomes by 

aminoglycosides and tetracyclines targeting the 30S subunit and macrolides, chloramphenicol, 

and oxazolidinones targeting the 50S subunit (Krause et al., 2016). Fluroquinolones interfere 

with topoisomerase to block DNA replication, while nitrofurantoin damages bacterial DNA 

directly (Raheem & Straus, 2019). Antifolates may act synergistically to block important enzymes 

in the folate pathway which inhibits bacterial nucleotide synthesis (Fernández-Villa et al., 2019). 

Membrane targeting agents act to compromise cell integrity which increases susceptibility to 

osmotic stress and antibiotic action (Lohner & Blondelle, 2005). 

 

 

Figure 1.4: Modes of action on UPEC cells by antibiotics used for UTI management (retrieved 

from Nasrollahian et al. (2024)). 
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1.3.4.1 Bacteriostatic Versus Bactericidal Antibiotics 

Antibiotics which kill bacteria are classified as bactericidal while those that inhibit bacterial 

growth are bacteriostatic and rely on host immune responses, primarily phagocytic clearance, 

to eliminate infection (Nemeth et al., 2014). Clinically, bactericidal agents are preferred for 

treating severe infections, especially in patients who are immunocompromised or with 

conditions such as endocarditis (Habib et al., 2009; Nemeth et al., 2014).  

1.3.4.2 Trimethoprim  

Folic acid or folate typically refers to tetrahydrofolate (THF) which is a cofactor involved in 

metabolic functions which are essential for cell survival (Shi et al., 2021; Wüthrich et al., 2019). 

Folate metabolism is involved in multiple biosynthesis pathways, including the synthesis of 

amino acids such as methionine, serine, glycine, histidine, and glutamate, as wells as purine and 

pyrimidine bases required for DNA and RNA (Brosnan et al., 2015). Folic acid also contributes to 

the regulation of gene expression through one carbon transfer reactions (Fernández-Villa et al., 

2019).  

Folate antagonists have been developed to target bacterial dihydropteroate synthase (DHPS) 

and dihydrofolate reductase (DHFR), which are enzymes essential for folate synthesis and 

metabolism (Shi et al., 2021; Wüthrich et al., 2019). Trimethoprim (TMP) is a bacteriostatic 

synthetic folic acid antagonist introduced in the 1960s and is commonly administered in the 

combination with the sulfonamide antibiotic sulfamethizole (SMX) as trimethoprim-

sulfamethoxazole (TMP-SMX) or co-trimoxazole (Fernández-Villa et al., 2019; Shi et al., 2021). 

Inhibiting DHFR disrupts folate metabolism resulting in impaired thymidine biosynthesis, 

disruptions in DNA replication, and eventually bacterial cell death (Schober et al., 2019).The 

World Health Organisation has included TMP as an important antibiotic for global health (World 

Health Organisation, 2024). TMP selectively inhibits bacterial DHFR which blocks the reduction 

of dihydrofolic acid (DHF) to THF (Diaz-Diaz et al., 2022; Kordus & Baughn, 2019; Lemay-St-Denis 

et al., 2021; Tamer et al., 2019; Toulouse et al., 2020). Therefore, the selective inhibition of DHFR 

is effective as THF is vital for protein and nucleic acid biosynthesis (Adrian & Klugman, 1997; 

Lauxen et al., 2021).  

1.3.4.3  Trimethoprim-Sulfamethoxazole 

The combination of TMP-SMX is widely used as empirical therapy, particularly in 

immunocompromised individuals due to its synergistic bactericidal effect and reduced toxicity 

at lower dosages (Diaz-Diaz et al., 2022; Kordus & Baughn, 2019; Wrobel et al., 2020). While 

TMP alone is bacteriostatic when combined with SMX they are bactericidal (Nakamura et al., 
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2025). TMP contributes not only by inhibiting DHFR but also promoting reactive oxygen under 

aerobic conditions which triggers redox stress and secondary cellular damage (Diaz-Diaz et al., 

2022; Kordus & Baughn, 2019). Together, TMP-SMX sequentially inhibits bacterial THF synthesis, 

and two enzymatic steps as shown in Figure 1.5. This blocks thymidine and purine production, 

which are essential for DNA and RNA biosynthesis (Wüthrich et al., 2019). 

 

 

Figure 1.5: TMP-SMX points of action on the folate synthesis pathway (retrieved from Matos 

and Esteves (2010)). 

 

1.3.4.4 New Zealand Empirical Treatment 

Management of UTIs in New Zealand (NZ) is done typically through empirical antibiotic therapy 

where prescriptions are given at the time of diagnosis without urine culturing and confirmation 

of the causative pathogen (Carmona-Cartaya et al., 2022). As pathogen identity and resistance 

profiles are unknown without culturing, treatment decisions are guided by clinician judgement 

and local epidemiological antibiotic susceptibility data (Pujades-Rodriguez et al., 2019). As 

shown in Table 1.1, only a limited number of antibiotics are recommended, with Figure 1.6 

illustrating the high frequency of two of these antibiotics which are prescribed to women. 

Omitting urine culturing may contribute to inappropriate and inaccurate prescription, 

therapeutic failure, and higher treatment costs, therefore highlighting the importance of 
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laboratory guided diagnostics over reliance on national epidemiological data alone (Carmona-

Cartaya et al., 2022; O’Grady et al., 2018). 

Table 1.1: Empirical antibiotics for uncomplicated UTI in adults (adapted from BpacNZ 

(2021)). 

Therapy Antibiotic Dosage 
Dose 

frequency 
Treatment 
duration 

First-line Nitrofurantoin – modified release 
(Macrobid) 

100 mg BID 5 days 

 Nitrofurantoin – immediate 
release (Nifuran) 

50 mg QID 5 days 

Alternatives Cefalexin 500 mg BID 3 days 

 Trimethoprim 300 mg QID 3 days 

QID= once a day, BID= twice daily  

 

 

Figure 1.6: Percentage females dispensed nitrofurantoin or TMP for UTI treatment for the 

year ending December 2024 (retrieved from He Ako Hiringa (n.d)) . 

 

Nitrofurantoin is currently the most prescribed antibiotic for UTI treatment in adults in NZ, 

whereas other countries such as those in Europe prescribe fosfomycin tromethamine (BpacNZ, 

2017; Fajfr et al., 2020). Alternatives such as TMP or cefalexin may be prescribed depending on 

patient symptoms and infection severity (BpacNZ, 2017). National data shows NZ antibiotic 
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dispensing rates are higher than most European countries of the same economic status, with 

nearly every child exposed to antibiotics by the age of five (Duffy et al., 2018; Ministry of Health, 

2023; Thomas et al., 2020; Williamson et al., 2016). 

If empirical therapy fails (i.e., the patient still has symptoms after the antibiotic course is 

completed), urine culture an susceptibility are preformed to identify the causative pathogen 

(Harris & Perencevich, 2007; Le & Miller, 2001; C. H. J. Lee et al., 2018; Novelli & Rosi, 2017). 

However, urine cultures are omitted if patients respond well to empirical treatment (Nickel, 

2005). While empirical guidelines vary internationally, cultures are strongly recommended in 

recurrent UTIs in cases where patients have conditions such as overactive bladder or vulvodynia, 

which can mimic UTI symptoms (Bogart et al., 2007; Peng et al., 2021).  

1.3.5 Antibiotic Resistance 

Antimicrobial resistance (AMR) refers to the ability of microorganisms to survive an exposure to 

antimicrobial agents, such as antibiotics, at concentrations which are considered lethal to their 

species (Pattis et al., 2022; Sheikh et al., 2019). The World Health Organisation ranks AMR among 

the top ten global public health threats, causing over 700,000 deaths annually, and reducing 

available patient treatment options and outcomes (Ashiru-Oredope & Hopkins; Coll et al., 2024). 

Rising resistance has made antibiotic treatment challenging as the development of new agents 

is no longer an efficient or sustainable solution to the rate that bacteria adapt (Uddin et al., 

2021). Without intervention, AMR related deaths may reach 10 million by the year 2050, causing 

a huge economic burden globally (Walsh et al., 2023). 

1.3.5.1 Molecular Basis of Antibiotic Resistance 

There are two main genetic strategies which allow bacterial adaptation to antibiotics: 

spontaneous gene mutation and horizontal transfer of resistance genes (Ndagi et al., 2020). 

Mutations often arise after the exposure to sub-inhibitory antibiotic concentrations which has 

enabled survival but may disrupt cell homeostasis and reduce bacterial cell fitness (Ndagi et al., 

2020; Sultan et al., 2018). In contrast, horizontal gene transfer, via transformation, transduction, 

or conjugation, is the predominant genetic strategy as it allows bacteria to acquire foreign DNA 

and enhancing environmental fitness (Lloyd et al., 2009; Munita & Arias, 2016). 

At the molecular level, resistance is facilitated by four main mechanisms: enzymatic inactivation 

or antimicrobials, modification of drug targets, reduced membrane permeability, and active 

efflux pumps (Figure 1.7) (Gajic et al., 2022; D. S. Lee et al., 2018a). Some bacteria produce 

enzymes, such as β-lactamases which chemically inactivate antibiotics to make them ineffective 

(Gajic et al., 2022). Antibiotic target sites may be modified by replacing, protecting, or altering 
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the sites where they bind (Gajic et al., 2022; D. S. Lee et al., 2018a). Mutations in porin proteins 

can lower bacterial membrane permeability and limiting antibiotic concentrations entering the 

cell (Salam et al., 2023). Active efflux pumps expel antibiotics from bacterial cells resulting in 

sub-lethal antibiotic concentrations within cells and allowing cell survival (Wanda, 2018). 

 

Figure 1.7: General resistance mechanisms against antibiotics in bacterial cells (retrieved 

from Darby et al. (2022)). 

1.3.5.2 Uropathogenic E. coli Resistance and Trimethoprim Resistance 

While folate metabolism is a powerful target for drug therapies and their development, there 

has been a large wave of resistance to many antifolates (Kordus & Baughn, 2019). These 

resistance mechanisms have been identified in clinically important E. coli during exposure to 

high levels if TMP (Somorin et al., 2022).  

Antibiotic resistance in UPEC may occur through chromosomal mutations, efflux pumps, 

enzymatic inactivation, and target site modification (Whelan et al., 2023). Horizontal gene 

transfer of virulence factors via plasmids enhances adaptability to antibiotic present 

environments and enabling the spread of resistance across bacterial populations (Brolund et al., 

2010; Grape et al., 2007; Somorin et al., 2022). Increasing global resistance rates have been 

reported to first-line antibiotics such as TMP-SMX (Schito et al., 2009; Zagaglia et al., 2022; 

Zhanel et al., 2006). TMP resistance in urine samples has been established by studies to be 

mediated by dfrA genes variants (e.g., dfrA1, dfrA5, dfrA7, dfrA12, or dfrA17) and occasionally 
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by the less frequent homologue type B DHFRs (dfrB) (Brolund et al., 2010; Cellier-Goetghebeur 

et al., 2022; Grape et al., 2007; Somorin et al., 2022). Another key resistance mechanism involves 

the acquisition of an additional TMP insensitive DHFR which is encoded by dfrA genes on mobile 

elements, which enables folate reduction under antibiotic stress (Adrian & Klugman, 1997; 

Myoda et al., 1984). 

As presented in Figure 1.8, TMP inhibits the chromosomal encoded FolA enzyme, limiting the 

THF cycle. Therefore, resistance can also result from increased folA expression or amino acid 

substitutions which reduces TMP binding, therefore maintaining THF synthesis and carbon 

metabolism (Huovinen et al., 1995; Kordus & Baughn, 2019; Sköld, 2000). Chromosomal 

mutations which upregulate folA transcription may also contribute to TMP resistance (Kordus & 

Baughn, 2019; Sánchez-Osuna et al., 2020).  

 

Figure 1.8: Overview of the THF metabolism encoded by the folA and folM genes in E. coli 

(adapted from Sangurdekar et al. (2011)). 

Target site replacement is another known resistance mechanism to TMP-SMX through 

dihydropteroate synthase (DHPS) overproduction. Normally, DHPS catalyses the formation of 

dihydrofolate (DHF) from para-aminobenzoic acid (PABA), a process which is inhibited by SMX 

(as shown in Figure 1.5), whereas resistance can arise through mutations in the DNA coding 

region of DHFR (Minato et al., 2018). DHPS overproduction results in excess production of 

enzymes which diminishes TMP-SMX ability to inhibit bacterial folate synthesis, and alows 

bacterial survival (Eliopoulos & Huovinen, 2001; Flensburg & Sköld, 1987; Ndagi et al., 2020). 
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Resistance evolution to TMP may occur through the alteration of the binding target through 

sequential accumulation of resistance-conferring mutations in the DHFR enzyme in bacterial 

cells (Schober et al., 2019; Tamer et al., 2019). Recent whole genome studies of gram-negative 

bacteria several new TMP resistant genes encoding a FolA homologue have been found with 

some showing to experimentally confer TMP resistance (Ambrose & Hall, 2021a). 

Antibiotics causing DNA damage such as TMP, have been shown to induce a stress response 

resulting in the elevation of recA expression (Uhlich et al., 2018). Other AMR mechanisms may 

involve bacterial envelope impermeability therefore, suggesting other housekeeping genes may 

be involved in TMP resistance for the repair of recombinational DNA during antibiotic stress (El-

Halfawy & Valvano, 2012). These identified mechanisms and associated genes have been listed 

in Table 1.2. 

Table 1.2: Mechanisms of intrinsic TMP resistance which have been investigated. 

Resistance 
mechanism 

Example Organism Reference 

Antifolate-
target 

mutations 

dfrA 

dfrA 

 

dhps (folP) gene 

E. coli, Klebsiella spp., P. 
mirabilis 

E. coli 

E. coli, Campylobacter, 
Streptococcus pneumoniae, 

Neisseria meningitidis 

Brolund et al. (2010); Somorin et al. (2022) 

Ambrose and Hall (2021b); Grape et al. 
(2007); Schmidt et al. (2019); Wüthrich et 

al. (2019) 

Sköld (2000) 

Antifolate-
target isoforms 

DfrB 

sul1 & sul2 

DHPS 

 

E. coli 

Enterobacter spp. 

E. coli, Campylobacter, 
Streptococcus pneumoniae, 

Neisseria meningitidis 

Cellier-Goetghebeur et al. (2022) 

Alekshun and Levy (2007) 

Sköld (2000) 

Reduction of 
cell 

permeability 

Increase of 
efflux pump 
proteins 

Many bacterial species 

Pseudomonas aeruginosa 

E. coli 

Kordus and Baughn (2019); Then (1982) 

Hamilton-Miller (1979) 

Pato and Brown (1963) 

Overexpression 
of target 

FolA 

DHFR 

E. coli 

E. coli 

Kordus and Baughn (2019) 

Grey et al. (1979); Sköld (2000) 

Degradation Polyglutamation Human cells Zhao and Goldman (2003) 

Auxotrophy 
Thymidine 

Thymidine 

E. coli 

Many bacterial species 

Jakovljev et al. (2022) 

Maskell et al. (1978); Then (1982) 
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1.3.5.3 New Zealand Clinical Resistance Rates 

Treatment failures, longer hospital stays, and the use of higher antibiotic doses are the burdens 

caused by the rising AMR rates in hospital and community settings (van Hecke et al., 2017). In 

NZ, rising AMR has reduced the effectiveness of the first-line antibiotics for UTI treatment, as 

previously mentioned in Table 1.1 (BpacNZ, 2017). Antibiotic use per-capita is also higher in NZ 

than countries of similar economic status, particularly for narrow-spectrum penicillins (BpacNZ, 

2017; Hobbs et al., 2017). Between the years 2006 and 2014, the use of TMP and TMP-SMX 

increased, which may have contributed to rising resistance rates (Ussher et al., 2020). 

Consequently, TMP is no longer recommended for uncomplicated cystitis treatment in NZ 

(BpacNZ, 2021). 

Surveillance data highlights this concern, where 68% of E. coli isolates from Auckland City 

Hospital were resistant to TMP, with resistance also seen in 36% of extended spectrum beta-

lactamase (ESBL) E. coli (LabPLUS, 2023) (Table 1.3). Community data show similar trends, with 

TMP resistance in E. coli rising from 19% in the year 2000 to approximately 25% in the year 2023 

(Mangin et al., 2005; New Zealand Formulary, 2023). However, AMR prevalence remains lower 

in NZ than some regions of the globe (Arden et al., 2024).  

Table 1.3: Resistance results for E. coli isolates from adult and paediatric clinical specimens 

in 2022 (adapted from LabPLUS (2023)).  

 

1.3.5.4 Global Spread of UPEC Resistance  

Antibiotic resistance particularly in UPEC is a major global health concern, contributing to 

treatment failures, prolonged hospitalisation, and the increase in administered antibiotic doses 

(van Hecke et al., 2017; Zeng et al., 2021). The global prevalence of resistance strains may be 

accelerated by globalisation, making AMR a worldwide burden, regardless of geographical 

boarders (Carmona-Cartaya et al., 2022; Seoane & Bou, 2021). UPEC and other bacteria develop 

intrinsic resistance and spread determinants through horizontal gene transfer, allowing rapid 

adaptation under antibiotic pressure (Sultan et al., 2018). 
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1.3.6 Antibiotic Susceptibility Testing 

Antimicrobial susceptibility testing (AST), described in Section 1.3.3.2, uses phenotypic methods 

to assess the drug susceptibility of pathogens and guide antibiotic treatment (van Belkum et al., 

2020). Depending on the infection type, turnaround time, cost and resources, the methods used 

by laboratories as shown in Figure 1.9.  

 

Figure 1.9: Methods used for AST with the turnaround time (retrieved from Gajic et al. 

(2022)). PCR- polymerase chain reaction, qPCR- quantitative polymerase chain reaction, NGS- 

next generation sequencing, MALDI-TOF MS – matrix-assisted laser desorption/ionisation 

time-of-light mass spectrometry. 

1.3.6.1 Disk Diffusion Assays 

Disk diffusion assays are interpreted by assessing the presence or absence of visible bacterial 

growth around an antibiotic impregnated disk and is referred to as the zone of inhibition 

(EUCAST, 2023). Test organisms are classified as susceptible, susceptible at an increased 

exposure (intermediate), or resistant to an antibiotic according to international guidelines set as 

breakpoints (CLSI, 2023; EUCAST, 2022). These guidelines allow for standardisation into 

categorical resistance levels as zones of inhibition diameters differ depending on the species and 

antimicrobial agent being tested (CLSI, 2023; EUCAST, 2022; Matuschek et al., 2014). Antibiotic 

disks are commercially available and low cost, compared to molecular testing, and are often 

reliable and reproducible, however is limited by the time needed for incubation to obtain colony 
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growth (Bertranda, 2019; Gajic et al., 2022).  Disk diffusion AST is widely used in laboratory 

diagnostics to detect resistance and guide appropriate antibiotic prescription  (van Belkum et 

al., 2020).               

1.3.6.2 Broth Dilution Methods                                                                                                                                            

Macro and microbroth dilution are one of the earliest methods of AST which involve preparing 

two-fold antimicrobial dilutions in liquid media to determine the minimum inhibitory 

concentration (MIC), which is the lowest concentration which visibly inhibits the test organisms 

growth after a 24 hour incubation period (Jorgensen & Ferraro, 2009; Levison & Levison, 2009). 

MICs vary depending on species, strains and the antimicrobial agents being tested (Levison & 

Levison, 2009; Wald-Dickler et al., 2018). In AST, isolates which are classified as susceptible by 

disk diffusion assays generally have low MICs, whereas resistant isolates typically have high 

MICs, with breakpoints distinguishing between susceptible and resistant populations (Figure 

1.10) (EUCAST Definitive Document, 1998; Kowalska-Krochmal & Dudek-Wicher, 2021; Levison 

& Levison, 2009). MIC testing is reproducible and offers a quantitative measurement of 

resistance beyond what is offered by disk diffusion assays (Diaz-Diaz et al., 2022; EUCAST, 2023; 

Hattab et al., 2024).  

 

Figure 1.10: Interpretation of antibiotic breakpoint (retrieved from MacGowan and Wise 

(2001)). 
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Macrobroth Minimum Inhibitory Concentration  

Macrobroth MIC dilution assays are typically performed in test tubes with larger volumes of 

media, enabling the direct visualisation of bacterial growth, as suggested by turbidity, across 

tubes of antimicrobial concentrations (Andrews, 2001). This method is often used when 

validating new breakpoints (Jorgensen & Ferraro, 2009). It is widely used in research and for 

quality control however, despite its accuracy, microbroth MIC testing is not used in routine 

clinical diagnostics due to the labour and reagent costs  (Balouiri et al., 2016). 

Microbroth Minimum Inhibitory Concentration 

Microbroth MIC dilutions are performed in small volumes which include broth and bacterial 

suspensions tested in 96-well microtiter plates (Krishnamurthi et al., 2021). Growth is measured 

using spectrophotometers or 96-well plate readers to measure optical density (OD) at a 

wavelength of 600 nm (Krishnamurthi et al., 2021; Mira et al., 2022). The growth curves which 

are generated from ODs provide a simple and reliable method used to monitor microbial 

replication and assess bacterial growth under antibiotic conditions (Andrews, 2001; 

Krishnamurthi et al., 2021). Time-kill studies may also be done by measuring bactericidal 

activities through changes in CFU/mL over 24 hours, which allows for the calculation of the 

minimum bactericidal concentration (MBC) and is defined as a ≥ 103  fold reduction in bacterial 

density (Wald-Dickler et al., 2017). Overall, OD based assays and broth dilutions are generally 

reliable and reproducible but remain low throughput and are time consuming as overnight 

incubation is needed (van Belkum et al., 2020).  

1.3.7 Whole Genome Sequencing 

As mentioned in Section 1.3.5.1 bacteria have complex biochemical pathways to survive 

antimicrobial agents, many of these involve complex gene networks which can remain poorly 

understood (Seoane & Bou, 2021; Sultan et al., 2018). Whole genome sequencing (WGS) is a 

powerful tool used to investigate these pathways by offering rapid, consistent, and accurate 

predictions of resistance phenotypes across the entire bacterial genome (Tyson et al., 2015). 

WGS involves culturing an isolating the organism, extracting genomic DNA to sequence and 

assemble the genome for analysis (Seoane & Bou, 2021; Su et al., 2019). This technology has 

facilitated the identification and epidemiological tracking of clinical pathogens such as E. coli, 

while identifying AMR genes (Hilt & Ferrieri, 2022). When compared to phenotypic methods 

such as AST, WGS has a higher resolution and greater capacity for cataloguing AMR associated 

genes and potential resistance mechanisms in an organism (Seoane & Bou, 2021; van Belkum et 

al., 2020).  
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1.3.7.1 Next Generation Sequencing 

Next generation sequencing (NGS) enables rapid identification of resistance genes within 

genomes and metagenomes (Boolchandani et al., 2019). Commonly used technology includes 

Illumina (San Diego, USA) and Oxford Nanopore Technologies (Oxford, UK).   

Oxford Nanopore Technologies and Nanopore MinION 

The Nanopore MinION from Oxford Nanopore Technologies (ONT, Oxford, UK) involves passing 

single strands of DNA or RNA through nanopores which are embedded in an electrically resistant 

membrane (Hilt & Ferrieri, 2022). Nucleotide specific disruptions in current are translated into 

base sequences using computational algorithms or basecalling (Figure 1.11) (Giordano et al., 

2017; Hu et al., 2021; Su et al., 2019). ONT offers high throughput, rapid turnaround, and 

produces long reads of ≥ 10 kb which enables fewer gaps in reads, better resolution of repeat 

regions, and the detection of plasmids and large genomic rearrangements (Giordano et al., 2017; 

Hu et al., 2021; Su et al., 2019; van Belkum et al., 2020). However, this is limited by the need for 

high molecular weight DNA or RNA which are of a high quality to maximise the accuracy of 

sequencing reads (Jones et al., 2021). 

 

Figure 1.11: ONT MinION sequencing principle (retrieved from Wang et al. (2021)). 
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1.3.8 Bioinformatics and Comparative Genomics 

Bioinformatics applies computational methods such as sequence and structural alignments to 

analyse biological data and contributing to data and knowledgebases  (Luscombe et al., 2001). 

Expanding molecular and literature databases advances pathogen epidemiology and AMR 

research (Carriço et al., 2013). These tools support the investigation of resistance mechanisms, 

enabling the identification and classification of causative pathogens, and detect diagnostic and 

therapeutic determinants to direct patient treatment (Saeb et al., 2017).  

Comparative genomics has been utilised to investigate genetic differences between antibiotic 

sensitive and resistance phenotypes, such as sequencing UPEC to study virulence and AMR 

patterns (Hossain et al., 2020; Qin et al., 2018; Sung et al., 2024). While UPEC pathogenesis is 

well studied, the roles of many E. coli genes during uncomplicated UTI treatment remain unclear 

(Subashchandrabose et al., 2014). Utilising comparative genomics can help understand if specific 

genomic features have clinical outcomes, therefore, providing insight into resistance evolution 

(Kao et al., 2018; Thänert et al., 2019). 

1.4 Summary of Literature Review 

Overall, this chapter has discussed the predominant uropathogen, UPEC and the global concern 

associated with its association to AMR. The rise in global rates of TMP resistance has demoted 

its use as a first line antibiotic treatment for UTIs. Research contributing to UPEC resistance from 

NZ isolates is scarce. To address these gaps, this study will combine AST to determine which 

antibiotics UPEC isolates are resistant to (Research Question 1), with growth curves to assess 

how TMP resistance influences growth rates under differing concentrations (Research Question 

2). Finally, WGS and comparative genomics will be used to identify genetic differences among 

isolates of differing levels of TMP (Research Question 3) to provide insights into AMR 

mechanisms of UPEC.  
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Chapter 2 Antibiotic Susceptibility Testing of E. coli  

2.1 Introduction 

Urinary tract infections (UTIs) are among the most common bacterial infections globally, 

affecting both communities and healthcare settings and frequently requiring antibiotic 

treatment (Wagenlehner et al., 2020; Zagaglia et al., 2022; Zhou et al., 2023). However, rising 

resistance has reduced the effectiveness of many antibiotics and influenced management 

strategies (Schito et al., 2009). Trimethoprim (TMP), once a widely used for UTI management, is 

considered a redundant antibiotic due to high levels of global resistance (D. S. Lee et al., 2018a). 

As outlined in Section 1.3.5.4 antibiotic susceptibility testing (AST) remains the gold standard for 

determining organism susceptibilities to antimicrobial agents (EUCAST, 2023). Disk diffusion 

assays are widely used in clinical and experimental settings due to their simplicity and 

reproducibility; however, they are limited by their inability to quantify the concentrations which 

inhibit growth (EUCAST, 2021; Jorgensen & Ferraro, 2009).  

Laboratory screening and diagnosis is determined by AST and accounting for antimicrobial 

resistance (AMR) phenotypes, which in return guides patient treatment (Wenzler et al., 2023). 

New Zealand (NZ) based studies have shown the burden caused by E. coli AMR within hospitals 

and in the environment (Cookson et al., 2022; Heffernan et al., 2009; Pattis et al., 2022). Data 

from Auckland Hospital’s annual AMR surveillance, along with the most recent national study, 

highlight E. coli as a significant concern for antibiotic management, particularly due to the 

prevalence of extended-spectrum β-lactamase (ESBL) producing E. coli, which reduces antibiotic 

options Table 2.1. This concern is further aggravated by NZ demonstrating high antibiotic 

dispensing rates per capita, which exceeds most European countries (Williamson et al., 2016).  
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Table 2.1: Percentage of E. coli isolates susceptible to antibiotics. 

Study Lab LUS (2023) 
 effernan et al  

(2009) 

 
E. coli  
(3757) 

ESBL E. coli  
(307) 

ESBL E. coli 
(55) 

Meropenem 100 100 100 

Trimethoprim 68 36 27 

Amoxicillin-Clavulanic Acid 81 - 47 

Nitrofurantoin 99 97 95 

Red is < 70% susceptible, orange is 70-89  susceptible, green is ≥ 90  susceptible.  SBL, 

extended spectrum β-lactamase. 

Minimum inhibitory concentration (MIC) testing is done to provide a quantitative measure of 

resistance to antimicrobials (Hossain, 2024). In research, disk diffusion assays are often done for 

initial screening or confirmation of resistance, followed by MIC testing to determine the 

concentration which inhibits organism growth (Karami et al., 2015). Phenotypic observations 

from optical density (OD) growth curves, combined with statistical analysis further allows for 

quantitative interpretation of MIC results by using specific cut offs of inhibition (Axelsson et al., 

2024).  Resistance and susceptibility can be interpreted when comparing organism growth in the 

presence and absence of an antibiotic, as presented in Figure 2.1, where isolates grew at 

concentrations exceeding the clinical breakpoint of ≥ 32 µg mL, and demonstrated high levels 

of resistance (CLSI, 2023; Turnidge et al., 2006; Vinchhi et al., 2023). 

 

Figure 2.1: Growth characteristics of an E. coli strain in the presence (red) and absence 

(black) of TMP (retrieved from Vinchhi et al. (2023)). 
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Current research in NZ has not conducted MIC studies following disk diffusion assay AST; instead, 

studies have primarily reported the resistant isolates observed. This chapter therefore aims to 

investigate the growth characteristics of TMP resistant E. coli, identified through disk diffusion 

assays and MIC testing in the presence of high concentrations of TMP past the clinical breakpoint 

of ≥ 32 µg mL. This study is outlined in Figure 2.2: Schematic of the RQs of this study. Chapter 2 

RQs and aims are highlighted in red. Figure 2.2 and further described in Figure 2.3. 
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Figure 2.2: Schematic of the RQs of this study. Chapter 2 RQs and aims are highlighted in red. 
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Figure 2.3: Chapter 2 method objectives
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2.2 Methods and Materials 

Escherichia coli ATCC 25922 was used as a susceptible control strain for testing done at Auckland 

University of Technology (AUT) as recommended by international guidelines (CLSI, 2023; 

EUCAST, 2022). Overnight cultures were prepared for each isolate by inoculating 10 mL of 

antibiotic free Luria-Bertani (LB) broth (prepared according to manufacturer’s protocol and pH 

adjusted) with 100 µL of the urine sample from Middlemore Hospital and incubated at 37 °C for 

18-20 hours (CLSI, 2023). Overnight cultures were stored at -80 °C in 20% glycerol (final 

weight/volume) in a 1.5 mL cryovials until later use. 

2.2.1 Initial Testing and Acquisition of Trimethoprim Resistant Isolates 

Patient urine samples were provided to Dr Susan Taylor at Middlemore Hospital (Auckland, NZ) 

and sub-cultured as required depending on sample turbidity.  

Antibiotic susceptibility was determined at the hospital laboratory using disk diffusion assays or 

the VITEK 2 system (bioMérieux), with full panel of antibiotics presented in Appendix A: 

Middlemore Hospital Antibiotic Susceptibility Testing. TMP resistance was defined by a zone of 

inhibition of ≤10 mm using a 5 µg TMP antibiotic disk or as resistant by the VITEK 2 system.  

Bacterial isolates were identified as E. coli based on chromogenic agar pigmentation, indole and 

oxidase tests results, or via a biochemical card. E. coli confirmation was made by matrix-assisted 

laser desorption/ionisation time-of-light (MALDI-TOF). 

Urine samples which demonstrated TMP resistance and where E. coli was identified as the 

causative pathogen, were then aliquoted into 1.5 mL cryovials and frozen at -20 °C for transfer 

to AUT. Over a three-month period in 2022, 106 TMP resistant E. coli isolates were collected and 

provided to AUT, where they were stored at -80 °C until further testing.  

2.2.2 Confirmation of Antibiotic Susceptibility  

Disk diffusion assay AST were performed to confirm TMP resistance in isolates obtained from 

Middlemore Hospital. Overnight cultures were prepared as stated in Section 2.2. Assays were 

prepared by spreading 100 µL of each overnight culture was spread onto BD Muller Hinton II 

agar (MHA; made as per manufacturer’s protocol and pH adjusted). Commercial antibiotic disks 

(Fort Richard, NZ) were arranged as shown in Figure 2.4 and tested in duplicate. Antibiotic disks 

selected for disk diffusion assays reflected UTI treatment guidelines in NZ (mentioned in Table 

1.1) and the E. coli resistance rates reported in Table 2.1 . Both TMP (5 µg) and TMP-SMX (1.25-
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23.75 µg) disks were chosen due to their high resistance rates and as TMP is the centre of this 

study (LabPLUS, 2023). Nitrofurantoin (300 µg) was used as it is a first line antibiotic used in NZ 

for UTI treatment and a small percentage resistance was observed (BpacNZ, 2017; LabPLUS, 

2023). Amoxicillin-clavulanic acid (20-10 µg) was selected as both intermediate susceptibility 

and resistance was reported in E. coli (Heffernan et al., 2009; LabPLUS, 2023). Meropenem (10 

µg) was chosen as a negative growth control given the high susceptibility by E. coli (LabPLUS, 

2023). A filter paper disk saturated in sterile water to act as a growth control. Agar plates were 

then incubated at 37 °C for 18-20 hours and antibiotic susceptibility results were recorded, and 

zones of inhibition were interpreted based on Table 2.2.  

 

Figure 2.4: Schematic of disk layout on MHA during antibiotic disk diffusion AUT AST. 

 

Table 2.2: Zone diameter and interpretive categories for Enterobacterales as set in CLSI 

(2023). 

Antimicrobial Agent Dis   ontent 

Interpretative  ategories and Zone Diameter 
Brea points (nearest whole mm) 

Susceptible Intermediate Resistant 

Meropenem 10 µg ≥ 23 20-22 ≤ 19 

Trimethoprim 5 µg ≥ 16 11-15 ≤ 10 

Trimethoprim-
Sulfamethoxazole 

1.25-23.75 µg ≥ 16 11-15 ≤ 10 

Amoxicillin-Clavulanic Acid 20-10 µg ≥ 18 14-17 ≤ 13 

Nitrofurantoin 300 µg ≥ 17 15-16 ≤ 14 
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2.2.3 Microbroth Minimum Inhibitory Concentration 

As antibiotic disks contain a fixed concentration and cannot quantify resistance levels, 

microbroth MIC assays were used to assess resistance to increasing TMP concentrations above 

the clinical breakpoint of 32 µg/mL as stated by CLSI (2023), while providing OD growth rate 

profiles. 

Stock TMP was prepared by dissolving 8192 µg anhydrous TMP (Fort Richard, NZ) in 1 mL sterile 

Milli-Q water. Overnight cultures were prepared for each isolate by inoculating 10 mL of 

antibiotic free LB broth (prepared according to manufacturer’s protocol and pH adjusted) with 

100 µL of the urine sample from Middlemore Hospital and incubated at 37 °C for 18-20 hours 

(CLSI, 2023). Escherichia coli ATCC 25922 was used as a susceptible control strain for testing 

done AUT as recommended by international guidelines (CLSI, 2023; EUCAST, 2022). 

2.2.3.1 Determination of Resistance Levels 

From the 83 isolates from Section 2.2.2, which were resistant to TMP and TMP-SMX disk 

diffusion assays, 74 isolates showed consistent growth up to the antibiotic disks and were 

selected for further testing using MIC analysis.  

Wells in rows B – G (Figure 2.7) in sterile 96-well plates were prepared with 100 µL of sterile 

Muller-Hinton broth (MHB). Two-fold serial dilutions were carried out from wells one to ten 

using  100 µL stock TMP (prepared as per Section 2.2.3) to obtain a TMP concentration range of 

4096 µg/mL to 8 µg/mL. Respective wells were then inoculated with 5 µL of the overnight culture  

(prepared as per Section 2.2.3) for a total working volume of 105 µL. Two control wells were 

present per row: a growth control well consisting of 100 µL MHB and 5 µL of the overnight 

culture and a sterility control well consisting of 105 µL of MHB.  

FLUOstar Omega Plate Reader (BMG LABTECH, Offenburg, Germany) was used to record raw 

OD values at a wavelength of 600 nm (OD600) every 15 minutes over 24 hours. Growth curves 

were generated from OD600 values using R v4.4.0 via R-studio (R Core Team, 2021). The growth 

curves were used to identify and generate two criteria: (i) growth rate features and (ii) estimated 

visual MIC (adapted from (Wiegand et al., 2008)). The 74 isolates were categorised into the TMP 

resistance levels: low, medium, and high, based on these criteria.  
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Figure 2.5: Schematic of 96-well plate layout during first round of microbroth MIC testing. 

2.2.3.2 Confirmation of Isolates 

The growth curves from Section 2.2.3.1 were used to classify isolates into three TMP resistance 

levels based on the two criteria: (i) growth rate features and (ii) estimated visual MIC. Low 

resistance was defined by (i) OD600 values ≤ 0.750 across all concentrations and (ii) an 

estimated MIC of ≤ 1024 µg mL. Medium resistance was defined by (i) OD600 values ≥ 0.750 at 

8-1024 µg/mL and reduced growth at 2048-4096 µg/mL and (ii) an estimated MIC of 2048 

µg/mL. High resistance was defined by (i) OD600 values > 0.750 at 1024 µg/mL and (ii) an 

estimated MIC of 4096 µg/mL. 

In order to validate the criteria determined by Section 2.2.3.1 and confirm reproducibility of 

MIC growth curves, four isolates from each TMP resistance level, for a total of 12 isolates, 

were selected for a second round of MIC testing using the plate layout shown in Figure 2.6. 

OD600 readings were recorded every 15 minutes over 24 hours using FLUOstar Omega Plate 

Reader. Triplicate averages, total growth area under the curve (AUC), and sterility controls 

were analysed and visualised by R v4.4.0 via R-studio.  
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Figure 2.6: Schematic of 96-well plate layout during second round of MIC testing. 

2.2.4 Ethics 

Ethics approval was not required for the present research. E. coli was aliquoted from patient 

urine by Middlemore Counties Manukau lab before being obtained by AUT. These isolates did 

not contain urine, human tissue and/or cells identifiable to the patient of origin. Since the 

present research does not contain any patient identifiable information, or human tissue cells a 

review by either the Auckland University of Technology Ethics Committee (AUTEC) review and 

Health and Disability Ethics Committee (HDEC) board in NZ was not required. 

2.3 Results 

2.3.1 Confirmation of Antibiotic Susceptibility  

To confirm the isolates obtained from the Middlemore Hospital demonstrated TMP resistance, 

disk diffusion assays were performed. Of the 106 isolates, three did not show growth during 

overnight culturing and were excluded from further testing. The susceptible control strain 

(mentioned in Section 2.2) showed inhibition to all antibiotic disks and is not discussed further. 

AST results, according to the breakpoints in Table 2.2, are summarised in Table 2.3.  

Among the folate pathway antagonists which were tested, TMP produced the highest number 

of resistance isolates, with only five of the 103 viable isolates being susceptible. Of the 98 TMP 

resistant isolates, 83 were also resistant to the combination TMP-SMX, where 74 isolates 

showed a lawn of growth up to the TMP and TMP-SMX antibiotic disks. Resistance to other drug 

classes was less common, where one isolate was resistant to meropenem, two to nitrofurantoin, 



38 

and eight to amoxicillin-clavulanic acid. Measurements of zones of inhibition may be found in 

Appendix B: Confirmation of Antibiotic Susceptibility.  

Table 2.3: AST sensitivity results of isolates obtained from Middlemore Hospital. 

  Sensitivity 

Drug  lass 
Antibiotic Dis  
(concentration) 

Susceptible Intermediate Resistant 

Carbapenems 
Meropenem  

(10 µg) 
101 1 1 

Folate Pathway 
Antagonists 

Trimethoprim  
(5 µg) 

5 0 98 

Trimethoprim-
Sulfamethoxazole 
(1.25-23.75 µg) 

16 4 83 

β-Lactam 
Combination 

Agents 

Amoxicillin- 
Clavulanic Acid 
(20-10 µg) 

79 16 8 

Nitrofurans 
Nitrofurantoin 

(300 µg) 
96 5 2 

 

To determine multi drug resistance (MDR), the resistance profiles of the 103 isolates were 

analysed across antibiotic classes and respective clinical breakpoints as determined by CLSI 

(2023). As shown in Table 2.4, most isolates were resistant to one drug class, while 11 isolates 

exhibited resistance to two antibiotic classes. No isolates were resistant to more than two 

classes, and five isolates remained fully susceptible to all antibiotic classes tested.  

Table 2.4: AST resistance results of isolates to drug classes. 

 umber of Drug  lasses  umber of Isolates 

0 5 

1 87 

2 11 

3 0 

4 0 
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2.3.2 Microbroth Minimum Inhibitory Concentration 

2.3.2.1 Determination of Resistance Levels 

The susceptible control strain (mentioned in Section 2.2.32.2) showed inhibition to all antibiotic 

disks and is not discussed further. The 74 isolates which demonstrated a lawn of growth up to 

TMP and TMP-SMX antibiotic disks were analysed to establish criteria for TMP resistance levels 

above the clinical breakpoint of 32 µg/mL based on generated growth curves. Curves generated 

for the 74 isolates over the 24-hour period may be found in Appendix C: Determination of 

Resistance Levels. The two approaches for criteria generation were: (i) growth rate features 

(Table 2.5) and (ii) estimated visual MIC (Table 2.6). Both methods categorised a higher number 

of isolates as being in the medium resistance category, with more isolates categorised by the 

OD growth rate feature criteria. In contrast, only a few isolates were classified as highly resistant 

for both criteria. All 74 isolates demonstrated an estimated MIC greater than the clinical 

breakpoint of 32 µg/mL (Table 2.6).  

Table 2.5: Isolate criterium for three resistance levels based on OD growth rate features. 

Resistance  rading OD  rowth Rate Features  umber of Isolates 

Low 
- OD ≤ 1.000 for all 

concentrations 
9 

Medium 

- OD ≥1.000 for 8 -1024 
µg mL 

- OD ≤1.000 for 2048 µg mL 
and 4096 µg mL 

58 

High 
- OD ≥0.750 for 4096 µg mL  
- OD ≥1.000 for other 

concentrations. 
7 
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Table 2.6: Isolate criterium for three resistance levels based on estimated MIC from growth 

curves. 

Resistance  rading Estimated  I   umber of Isolates 

Low ≤ 1024 µg mL 17 

Medium 2048 µg mL 47 

High 4096 µg mL 10 

 

2.3.2.2 Confirmation of Isolates 

The susceptible control strain (as mentioned in Section 2.2.3) showed inhibition to all TMP 

concentrations and is not discussed further. Twelve isolates which matched the criteria for both 

Table 2.5 and Table 2.6 were used to interpret their respective resistance level. Isolates in the 

low resistance level showed lower growth curves at the highest TMP concentration (4096 

µg/mL) compared to the other two resistance levels. Medium resistance isolates showed high 

growth curves at 8-1024 µg/mL TMP concentrations and lowered growth curves at 2048-4096 

µg/mL concentrations. In contrast, high resistance isolates showed high growth curves at the 

highest TMP concentration of 4096 µg/mL. Isolate 21 did not demonstrate reproducible growth 

curves and was therefore excluded from further experiments.  
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Figure 2.7: OD for triplicate 24-hour readings for the 12 isolates. 
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Growth of the 12 isolates in the presence of TMP over 24 hours was quantified by calculating 

the average AUC from replicate OD600 values. Isolates are shown in their respective level of TMP 

resistance; blue (low), yellow (medium), and red (high), with error bars showing the standard 

deviation across the three biological replicates.   

All 12 isolates showed high AUC at TMP concentrations near the clinical breakpoint (grey line). 

As the TMP concentration increased above the clinical breakpoint, isolates in the low resistance 

group showed lower AUC than the other two resistance levels. Medium resistance isolates 

displayed a gradual decline in AUC compared to the high resistance isolates as the TMP 

concentration increased. In contrast to this, isolate 21 did not follow the same trend at the three 

other isolates within the high resistance group.  
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Figure 2.8: Average total growth under curve for the 12 isolates.  Blue indicates low TMP resistance, yellow indicates medium TMP resistance, and red indicates 

high TMP resistance. Clinical breakpoint of 32 µg/mL as stated by CLSI (2023) is shown by grey line.   
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Figure 2.9 shows the normalised OD600 over time for sterility control wells for each of the 12 

isolates. Most isolates exhibited values close to zero during the incubation period, however, 

isolates 20 and 29 showed fluctuations above zero.  

 

Figure 2.9: Normalised OD for sterility wells for the 12 isolates. 

 

2.4 Discussion 

2.4.1 Confirmation of Antibiotic Susceptibility 

Patients with UTIs are commonly treated with antibiotics, therefore the information obtained 

from disk diffusion assay AST plays an important role in guiding patient antibiotic management 

(Pierce et al., 2023; Zhou et al., 2023).  

Disk diffusion assay AST confirmed TMP resistance in 98 isolates, with 83 isolates further 

exhibiting resistance to the combination TMP-SMX. Resistance to TMP and its combination 

(TMP-SMX) has been commonly seen in studies as they exert the same selective pressure by 

targeting different enzymes within the folate biosynthesis pathway (Grape et al., 2007). 

However, studies suggest that TMP resistant E. coli does not confer resistance to TMP-SMX 

(Murray et al., 1985). This is demonstrated by the 15 isolates which remained susceptible to the 

synergistic effect of the combination displayed by the antibiotic disk during AST (Bushby & 
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Hitchings, 1968). Auckland Hospital did not test E. coli against TMP-SMX and ESBL E. coli against 

TMP-SMX and amoxicillin-clavulanic acid, therefore it is unclear where the results obtained in 

the present study trend against Auckland data (LabPLUS, 2023). There is available data which 

only reports susceptibility to TMP (Heffernan et al., 2009; LabPLUS, 2023; Ussher et al., 2020). 

To our knowledge, no published or publicly available data which report the susceptibility of 

clinical UPEC isolates to TMP-SMX. It was concluded that many of their isolates displayed multi-

resistance to three or more antibiotic classes, where 65.5% of these E. coli isolates were resistant 

to at least ciprofloxacin, aminoglycosides, and TMP. ESBL-positive E. coli demonstrated 72.7% to 

TMP. Although sample sizes varied in these studies it is suggested that the occurrence of TMP 

resistant E. coli is rising in NZ (Heffernan et al., 2009). This is supported by Mangin et al. (2005) 

where it was concluded that all tested uropathogens in their study displayed an increased 

resistance rate to TMP over a two year period. However, this study mentioned that their sample 

numbers were too small to determine if there was a statistically significant trend displayed by E. 

coli or other studied uropathogens. These two studies provide the most recent data involving 

TMP resistance of uropathogens in a selected NZ population. This highlights the importance of 

the findings of this chapter investigating recent TMP resistance of UPEC. Global TMP-SMX 

resistance in UTI associated E. coli has risen from < 10% in the 1990s to over 30% by the early 

2010s (Critchley et al., 2019). Comparison of susceptibility from AUT results in Table 2.4 with the 

susceptibility percentages from Table 2.1, showed values matched currently available NZ 

surveillance data. Both AUT and Auckland Hospital E. coli susceptibility data showed ≥ 90  

susceptible to meropenem and < 70% susceptibility to TMP. There were differences in 

percentage susceptibility values for amoxicillin-clavulanic acid and nitrofurantoin.  

Uncomplicated UTI treatment is generally empiric which follows local resistance epidemiology 

and susceptibility patterns (Frisbie et al., 2022). Guidelines advise using an antimicrobial when 

local E. coli resistance exceeds 20%. Therefore TMP-SMX is used in regions where E. coli 

susceptibility is ≥80% (D. S. Lee et al., 2018b; Novelli & Rosi, 2017). Most of Southern Europe, 

fluoroquinolones and TMP-SMX resistance are above 20%, so they are not used for empirical 

treatment (D. S. Lee et al., 2018a; Novelli & Rosi, 2017). Combination therapy may slow bacterial 

resistance, however TMP-SMX resistance still emerges via molecular means which will be 

explored further in Chapter 3 (Darby et al., 2022). 

Resistance has declined in some regions where reduced antibiotic prescriptions was noted, 

however this has not been observed by TMP-SMX in areas such as Sweden and the United 

Kingdom (D. S. Lee et al., 2018a).  Antibiotic exposure extends beyond therapeutic use in 

humans, therefore antibiotic selection pressures may not be the only driving force of resistance 

(Christaki et al., 2020). MDR is a cause of concern in clinical applications, especially as TMP may 
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prescribed as TMP-SMX. The widespread use of TMP-SMX has resulted in a progressive 

emergence of resistance strains (Eliopoulos & Huovinen, 2001). These rates have been reported 

as high as 20% in several European countries and in the United States, and even in some 

developing countries (Gupta et al., 2011; Kot, 2019). This has limited the modern management 

of UTIs stated by clinical guidelines. Several studies have suggested that patient UTIs associated 

with TMP-SMX resistant pathogens are worse than those with solely UTI susceptible isolates 

(Novelli & Rosi, 2017). 

If time permitted, secondary testing following disk diffusion assays could have been performed, 

where the isolates which exhibited resistance to the TMP (5 µg) disk may have been further 

interpreted using E-test gradient AST, as seen in Figure 1.9. This would have provided 

quantitative data to guide the selection of TMP concentrations during MIC studies (Baker et al., 

1991; Joyce et al., 1992; Wiegand et al., 2008). Five isolates were susceptible to TMP suggesting 

resistance was lost during their transportation from Middlemore Hospital potentially due to 

freeze-thaw effects (Ray & Speck, 1973).  

The MDR results of isolates in Table 2.4 showed that many of the isolates were only resistant to 

one or two drug classes. Understanding phenotypic MDR seen during clinical AST requires 

investigating genotypic mechanisms involved with genes and their expression (Hattab et al., 

2024; Novelli & Bolla, 2024).  Molecular resistance is investigated in Chapter 3.  

2.4.2 Determination of Resistance Levels and Confirmation of Isolates 

To assess the phenotypic resistance of isolates at TMP concentrations above the clinical 

breakpoint of 32 µg/mL, MICs were determined using OD curves. Results obtained in this study 

showed that whilst the 74 isolates may be interpreted as being TMP resistant via disk diffusion 

assays, they demonstrate different growth rates and characteristics over the 24-hour period at 

high TMP concentrations. Furthermore, the three levels of resistance showed differing numbers 

within low, medium, and high levels of resistance. Growth curves obtained from the OD may be 

used to further interpret the phenotypic TMP resistance of each isolate by revealing differences 

in growth rate, lag phase, and bacterial populations in the presence of TMP  (Chandrasekaran & 

Jiang, 2019).  

Resistance levels were determined using two methods, where both provided a criterion for 

grouping isolates from disk diffusion assay AST into different levels of TMP resistance. The first 

was based on visible growth curve features where isolates demonstrating similar OD values at 

the tested TMP concentrations were grouped together. The second based on the estimated MIC 

value of the isolates. As mentioned in Section 2.3.2.1 and Table 2.6, all these isolates 
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demonstrated MICs above 32 µg/mL, and suggested resistant isolates were able to tolerate a 

TMP concentration of upwards of 128 times above the clinical breakpoint as demonstrated by 

growth curves. This is expected as all 74 isolates presented TMP resistance during disk diffusion 

assay testing where the clinical breakpoint is 32 µg/mL (CLSI, 2023). Determining MIC values 

above the clinical breakpoint may provide a quantitative measure of resistance levels to identify 

extreme phenotypes (Kowalska-Krochmal & Dudek-Wicher, 2021). This may be necessary when 

monitoring epidemiological trends and shifts in MIC distributions in bacterial populations where 

resistance determinants can spread by molecular means (Catalán et al., 2022; Witzany et al., 

2023). This may direct patient treatment plans, such as empirical treatment (as discussed in 

Section 1.3.4.4)  as this relies on geographic epidemiology (Pujades-Rodriguez et al., 2019) 

As mentioned in Section 2.1 the use of phenotypic observations from OD growth curves and 

their statistical interpretation during MIC AST provides a quantitative approach, as specific cut 

offs may be used for determining resistance thresholds (Axelsson et al., 2024). As presented in 

Figure 2.7 and Figure 2.8, isolates classified as resistant during disk assay diffusion demonstrate 

different growth curves during MIC testing. These differences can influence how growth rates 

are interpreted when assessing isolate tolerance at specific TMP concentrations, consequently 

introducing variability in the cut off features and OD values which are used to categorise 

resistance levels. Studies have used thresholds to determine assay performance of bacterial 

cultures during microplate readings (Vinchhi et al., 2023). Bacterial cultures which acted as 

growth controls (no antibiotics present) had to grow above a threshold after the first 90 minutes 

of incubation. These studies have found that the growth threshold would increase in absorbance 

of ≥ 50% (Axelsson et al., 2020; Axelsson et al., 2024; Jung et al., 2016; Lange et al., 2014; Maxson 

et al., 2017; Sparbier et al., 2016).  To the author’s knowledge, the use of a criterium for the 

classification of low, medium, and high resistant isolates has not been investigated in TMP 

resistance in similar research, especially at a national level.  

Studies have generated two different approaches to statistically generate models and criteria to 

compare the susceptibility of their respective organisms to antibiotics (Bretonnière et al., 2016; 

Grazian, 2023). This statistical approach may have been used in this study to reduce bias when 

generating criteria in Section 2.2.3.1 and to allow comparison of isolates within TMP resistance 

levels The OD measurements over the 24 hours may have been used to statistically interpreted 

generating a dose-response curve using the normalised growth rate as a function of the TMP 

concentration (Angermayr et al., 2022). Computational tools such as the Growthcurver package 

offered by R v4.4.0 via R-studio may provide a more reliable and reproducible approach to 

interpret growth data compared to visually estimating MIC values  (Sprouffske & Wagner, 2016). 

This statistical modelling of resistance breakpoints may be used to detect subtle resistance 
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phenotypes which may be overlooked by manual or visual interpretation (Catalán et al., 2022; 

Kowalska-Krochmal & Dudek-Wicher, 2021). 

Most AMR studies rely on clinical breakpoints to classify isolates into categories of susceptible 

or resistant, therefore the extent of resistance above this threshold may be overlooked 

(Kowalska-Krochmal & Dudek-Wicher, 2021). Examining E. coli tolerance to TMP well above the 

clinical breakpoint of 32 µg/mL is novel as it allows for differentiation between low and high 

resistance phenotypes which can be further investigated for contributing molecular 

determinants (Blair et al., 2015; Catalán et al., 2022; CLSI, 2023). 

2.4.3 Conclusion 

This chapter aimed to characterise E. coli isolates resistant to TMP from UTI patients at 

Middlemore Hospital. Resistance was confirmed using disk diffusion assay AST, followed by MIC 

interpretation using OD curves to generate a TMP resistance level criterion. During disk assay 

AST of the 106 isolates obtained from Middlemore Hospital, three were non-viable, 98 

demonstrated resistance to TMP and 83 were also resistant to the combination TMP-SMX. 

Resistance to other antibiotics included one isolate resistant to meropenem, two to 

nitrofurantoin, and eight to amoxicillin-clavulanic acid. Based on these results, isolates were 

categorised into low, medium, and high levels of TMP resistance, with further investigations 

conducted in Chapter 3.  
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Chapter 3 Whole Genome Sequencing of E. coli 

3.1 Introduction 

Phenotypic methods involve antibiotic susceptibility testing (AST) such as disk diffusion assays 

and minimum inhibitory concentration (MIC) testing, offer limited information on gene 

resistance epidemiology (Boolchandani et al., 2019).  Therefore, whole genome sequencing 

(WGS) is a common tool which is used to identify potential novel genes and resistance 

mechanisms from genetic data (Ellington et al., 2017). Large accessory genomes may be found 

in E. coli isolates where specific uropathogenic genes may be found, however genes commonly 

associated with uropathogenic Escherichia coli (UPEC) pathogenesis are not well established 

(Shea et al., 2022). Therefore, the construction of whole genomes of resistant isolates are 

needed to establish the genes and mechanisms associated with trimethoprim (TMP) resistance. 

Sequencing the whole bacterial genome can provide a snapshot of an abundant information at 

once. This can be used to identify and type pathogens, analyse their genetic relationships, 

horizontal gene transfer between pathogens, and detect antimicrobial resistance (AMR) genes 

(Kim et al., 2023). Bacteria are capable of multiple biochemical pathways to develop antibiotic 

resistance and adopt these pathways to resist the effects of these antibiotics for survival (Sultan 

et al., 2018). As mentioned in Section 1.3.5.1, the methods of AMR mechanisms exhibited by 

bacteria include antibiotic inactivation, target site modification (replacement, protection or 

alteration), active efflux, and limiting antibiotic uptake by changing permeability (Galgano et al., 

2025; Salam et al., 2023; Wanda, 2018). To investigate this, WGS can be used to determine the 

molecular distribution of AMR genes, transposable genetic elements (e.g., plasmids, 

transposons, and replicons) and the relationship with sequence types (Mohapatra et al., 2023).  

There are over 4,000 genes present in E. coli with studies identifying a set of approximately 100-

300 genes influencing bacterial sensitivity to multiple antibiotics (Otoupal et al., 2021). Evolution 

of variants are a result of gene acquisition events and loss of genetic information due to 

deoxyribonucleic acid (DNA) rearrangements and point mutations. Therefore, the E. coli genome 

consists of constantly evolving DNA regions (Dobrindt et al., 2010). UPEC present extra virulence 

genes which are often strain-specific pathogenicity islands of clusters of virulence related genes 

and vary in content and genomic location (Bielecki et al., 2014). The genes associated with 

antibiotic survival suggest that there is a regulatory network to combat antibiotic stress 

therefore understanding these networks is important (Deter et al., 2021). Gram-negative 

bacteria such as E. coli and Klebsiella spp. are the most predominant uropathogens which have 

been isolated exhibiting high levels if TMP resistance (Somorin et al., 2022).  In order to become 
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resistant to TMP, E. coli strains have spontaneous mutations in the folA promotor region, 

resulting in increases of FolA expression (Kordus & Baughn, 2019). TMP reduces the available 

THF by inhibiting DHFR which is encoded by the folA and folM genes in bacteria such as E. coli 

(Figure 1.5) (Kordus & Baughn, 2019; Sangurdekar et al., 2011). TMP chromosomal resistance 

may be the result of mutations which increase transcription of the folA gene which encodes 

DHFR, or from mutations which decrease the affinity of DHFR for TMP (Kordus & Baughn, 2019; 

Sánchez-Osuna et al., 2020). Evolution of TMP resistance in E. coli was due to the stepwise gain 

of resistance mutations in the folA gene which encodes for the DHFR gene (Manna et al., 2021). 

Based on recent available whole genome sequences from gram-negative bacteria several new 

TMP resistant genes encoding a FolA homologue have been found with some showing to 

experimentally confer TMP resistance (Ambrose & Hall, 2021a).  

The WGS approach requires analysis tools such as Bandage to visualise assemblies, which can 

make it easier to identify problematic areas of the assembled genome. This may be useful for 

when assemblies contain many short contigs (Wick et al., 2015). The Comprehensive Antibiotic 

Resistance Database (CARD) which is a knowledgebase on the molecular elements of antibiotic 

resistance by using bioinformatics and information about antibiotics resistance genes, gene 

products, and resistance mechanisms (Alcock et al., 2022). Basic Local Alignment Search (BLAST) 

may also be used as a search tool for the known resistance genes and associated mutations in 

previously studies isolates  where the overlapping of sequences may allow for isolate specific 

resistomes to be mapped (Su et al., 2019; van Belkum et al., 2020).  

Orthologues are homologous genes which encode proteins in equivalent biological functions 

which originate from a common ancestral gene and are known as orthologous protein cluster 

(OPC)  (Gabaldón & Koonin, 2013). Comparative genomics which identifies and characterises 

orthologues allows for the identification of similarities and differences for constructing species 

phylogenies (Altenhoff & Dessimoz, 2009; Gabaldón & Koonin, 2013). OrthoVenn3 (Sun et al., 

2023) is a tool which may be used to investigate orthologous genes in strains. As mentioned in 

Section 1.3.3.2 using antifolate target mutation and variations in dfrA genes have been detected 

in TMP resistant isolates (Brolund et al., 2010; Grape et al., 2007; Somorin et al., 2022). Some of 

these variants and their locations have been compiled in Table 3.1 (Ambrose & Hall, 2021a). 
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Table 3.1: Examples of dfrA variant genes identified in E. coli TMP resistant isolates. 

Variants Location(s)   BI accession Reference 

dfrA1 Transposon and plasmids CAA25445.1 Fling and Richards (1983) 

dfrA5 
Class 1 integron cassette on 

plasmids 
CAA31356.1 Sundström et al. (1988) 

dfrA7 
Class 1 integron cassette on 

plasmids 
CAA41326.1 Sundström et al. (1993) 

dfrA12 
Class 1 integron cassette on 

plasmids 
CAA79767.1 Heikkilä et al. (1993) 

dfrA14 Plasmid-borne cassette CAA90688.1 Young et al. (1994) 

dfrA17 
Class 1 integron cassette on 

plasmids 
AAD50825.1 White et al. (2000) 

 

As mentioned in Chapter 2, studies have investigated the relationship between low and high-

level antibiotic resistance as defined by the antibiotic MIC, whereby mutations in genes may 

provide opportunities for low antibiotic resistance levels (Baquero, 2001; Baquero & Blázquez, 

1997). Research has explored TMP resistance mechanisms and potential genes in E. coli strains 

isolated from clinical, environmental, food, and even murine models (Brolund et al., 2010; Grey 

et al., 1979; Jakovljev et al., 2022; Kordus & Baughn, 2019; Schreiber et al., 2017; Shea et al., 

2022). However, these gene sets and their influence in human uropathogenesis have not been 

fully understood (Schreiber et al., 2017; Shea et al., 2022; Subashchandrabose et al., 2014).   

Although international studies have investigated TMP resistance in UPEC using WGS and 

comparative genomics, to the best of our knowledge this has not been done in NZ clinical UPEC 

strains. Therefore, to investigate this, isolates from Chapter 2 were analysed for TMP resistance 

mechanisms and the associated genes of interest. This has been outlined in Figure 3.1 and 

further described in Figure 3.2. 
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Figure 3.1: Schematic of the RQs of this study. Chapter 3 RQ and aims are highlighted in red. 
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Figure 3.2: Chapter 3 method objectives. 
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3.2 Methods and Materials 

3.2.1 Genomic DNA Extraction  

The four isolates for each resistance level (i.e., low, medium, high) from Chapter 2 were used for 

genomic DNA extractions. Low resistance isolates were 25, 29, 45, and 98, medium resistance 

isolates were 01, 43, 72, and 79, and high resistance isolates were 23, 20, 21, and 57. These 

isolates were chosen from each resistance level as they met both criterium of optical density 

(OD) features (Table 2.5) and estimated MIC (Table 2.6) for their respective resistance level.  

3.2.1.1 Commercial Kit Extraction 

Overnight cultures were prepared as stated in Section 2.2 for the isolates listed in Section 3.2.1. 

Isolate 21 did not have turbidity in overnight cultures and was not used for further testing. The 

extraction of isolate genomic deoxyribonucleic acid (gDNA) was obtained via the commercial 

extraction kit DNEasy Blood and Tissue Mini Kit (Qiagen, Hilden, Germany) following the 

manufacture’s protocol. 

3.2.2 Quality and Quantity of gDNA Extractions 

To determine the quality of the extracted gDNA from Section 3.2.1 an agarose gel 

electrophoresis was run. Each lane was loaded with 5 µL of gDNA and 1 µL SYBER Safe DNA Gel 

Stain (ThermoFisher Scientific, Massachusetts, USA) alongside 0.1 µg/µL 100 bp DNA ladder 

(Solis BioDyne, Estonia). The last lane was run as a no template control (NTC). The gel was viewed 

and photographed under ultraviolet light with an Alphalmager® HP (Alpha Innotech, California, 

USA).  

3.2.3 AMpure XP Bead Purification 

AMPure XP Beads (Beckman Coulter, Brea, CA) were used prior to library preparation to remove 

any contaminants before sequencing. The purification and hybridisation were performed as 

stated in the manufacturers protocol (Fisher et al., 2022). 

3.2.4 Oxford Nanopore Minion Library Preparation and Genome Sequencing 

The two isolates from each resistance level which showed the best quality and quantity of 

extracted gDNA from the steps in Section 3.2.2 and showed sterility in negative control wells in 

Figure 2.9 were then used for further analysis. Low resistance isolates were 25 and 98, medium 

resistance isolates were 01 and 79, and high resistance isolates were 23 and 57.  
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In order to prepare the sequencing library, the Rapid Sequencing Kit (SQK-RAD14) (Oxford 

Nanopore, Oxford, UK) was used. Purified 10 µL of gDNA from isolates 01, 23, 25, 57, 79, and 98 

were each transferred into 1.5 mL LoBind tubes containing 1 µL fragmentation mix and gently 

agitated. Tubes were incubated for 2 minutes at 30 °C followed by 2 minutes at 80 °C then cooled 

rapidly using a cooling block. Rapid adapter buffer solution was prepared by diluting 1.5 µL rapid 

adapter with 3.5 µL adapter buffer, 1 µL of the rapid adapter buffer solution was transferred 

into each 1.5 mL LoBind tube containing isolate gDNA. The DNA library was prepared with 12 µL 

of the rapid adapter buffer solution and DNA was transferred into a transfer tube containing 

37.5 µL of sequencing buffer and 25.5 µL mixed library bead solution and mixed. Nanopore 

priming mix was prepared by mixing 1.17 mL flow cell flush, 5 µL bovine serum albumin, and 30 

µL flow cell tether. The Nanopore MinION flongle (Oxford Nanopore, Oxford, UK) was then 

loaded with 200 µL of the Nanopore priming mix and 75 µL of DNA library. The flongle was then 

run for 24 hours under the default settings.  

3.2.5 Genome Assembly  

De novo genome assembly was completed in-house by assembling filtered reads into contigs 

using SPAdes v3.15.5 (Bankevich et al., 2012) and Unicycler v0.5.0 (Wick et al., 2017) using the 

default settings.  

3.2.6 Whole Genome Analysis 

Assembled genomes were visualised by uploading the *.gfa files into Bandage v0.9.0 (Wick et 

al., 2015). After visualisation, circular contigs presumed to be plasmids were run through NCBI 

BLASTn suite (https://blast.ncbi.nlm.nih.gov/Blast.cgi) using the default setting to confirm their 

identity to known E. coli plasmids.  

Annotation of assembled isolate genomes was interpreted using RAST v2.0 (Aziz et al., 2008). 

The whole genome fasta files of each isolate was uploaded onto the RAST server 

(https://rast.nmpdr.org/) using the default settings.  

3.2.7 Identification of Potential Novel Antibiotic Resistance Determinants 

The orthologous clusters were identified using OrthoVenn3 (Sun et al., 2023). The amino acid 

*.faa files for each isolate were obtained from RAST, and the *.faa file of the susceptible strain 

Escherichia coli ATCC 25922 were uploaded into the OrthoVenn3 web interface 

(https://orthovenn3.bioinfotoolkits.net/home) using the default settings using the OrthoMCL 

algorithm and an E-value 1x10-2, inflation value of 1.50, and annotation, protein similarity, and 

cluster relationship network enabled.  

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://rast.nmpdr.org/
https://orthovenn3.bioinfotoolkits.net/home
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Shared clusters of interest were identified between the susceptible strain and all six TMP 

resistant isolates, as well as within each resistance level (Figure 3.3). The shared orthologous 

clusters related to AMR and pathogenicity were manually curated and searched through NCBI 

BLASTp (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and InterPro 

(https://www.ebi.ac.uk/interpro/).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Schematic of clusters of interest from generated OrthoVenn3 Venn diagram. 

 

Potential novel antibiotic genes were identified using CARD (McArthur et al., 2013) through their 

online tool (https://card.mcmaster.ca/analyze/rgi). Percentages for perfect and strict hits were 

identified for resistance mechanisms for each isolate. A heatmap of genes of interest was 

generated from the percentage hits from the CARD knowledge base.  

3.2.8 Investigation of dfrA Genes 

The presence of proteins associated in the folate pathway were identified using the annotated 

SEED genome browser. The nucleotide sequences of the dfrA genes identified by RAST from each 

isolate were verified using NCBI BLASTn. Nucleotide and protein maximum likelihood 

phylogenetic trees of the verified dfrA genes from each isolate were generated using the 

bootstrap method using 500 replications using MEGA11 (Tamura et al., 2021). Salmonella 

enterica serovar Typhi was used as an outgroup as it is also part of the Enterobacteriaceae group 

and to allow for rooting for phylogenetic trees.  

https://www.ebi.ac.uk/interpro/
https://card.mcmaster.ca/analyze/rgi
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3.3 Results 

3.3.1 Genomic DNA Extraction 

Isolate 21 from the high resistance level did not produce turbidity during overnight cultures and 

was excluded from further testing. The agarose gel showed solid bands at the expected location 

against the ladder (Figure 3.4). Isolate 45 showed a faint band above the 10,000 bp mark. The 

control lane showed no bands suggesting no contamination was present during the gDNA 

extraction procedure.  

 

Figure 3.4: 1% agarose gel of isolates gDNA using the Qiagen DNeasy Mini Blood and Tissue 

Kit. NTC = no template control used as a negative control. 

3.3.2 Whole Genome Analysis 

Bandage (Wick et al., 2015) was used to visualise de novo assemblies of the six chosen isolates 

where circular contigs were seen for isolates 98, 01, 79, 23, and 57 (Figure 3.5). All isolates 

except isolate 25 showed a large circular contig with smaller contigs. The smaller contigs were 

run through BLASTn and showed to be part of E. coli genomes (results not shown). The 

generated visualisations suggested the presence of one or multiple plasmids for each isolate. A 

BLASTn search was done of the suspected plasmids and showed high similarity with other known 

E. coli plasmids (Table 3.2).  
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Figure 3.5: Assemblies of sequenced genomes as visualised by Bandage. 

 

Results in Table 3.2 show BLAST analysis of TMP resistant UPEC isolates and predicted plasmids 

as visualised by Bandage (Figure 3.5). The total number of plasmids were lower in the high TMP 

resistance group than the medium and low. Isolates in the low resistance level showed high 

query coverage and sequency identity to the recorded E. coli plasmids in the database. Medium 

resistance overall had larger bp plasmids. Isolates in the high resistance level show complete 

identity and full query coverage.  
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Table 3.2: BLASTn results of Bandage plasmids from each isolate. 

 

T   
Resistance 

Level 
Isolate 

Query 
length 
(bp) 

Description 
Query 
cover 

E-
value 

 ercentage 
(%) 

identity 
Accession 

Low 

25 

27,219 Escherichia coli strain 
GN02461 plasmid 

p2461-1 

100  0.0 99.17  CP095535.1 

24,829 Escherichia coli strain 
19KM1766N plasmid 

p19KM1766_1 

100  0.0 99.40  CP151006.1 

13,794 Escherichia coli strain 
OX C-422 plasmid 

unnamed 

92  0.0 96.07  CP164549.1 
 

508 Escherichia coli strain 
MS20673 plasmid 

pMS20673C 

99  5e-
151 

96.18  CP082070.1 

98 
113,069 Escherichia coli strain 

GN02350 plasmid 
p2350-1 

100  0.0 100  CP095519.1 

 edium 

01 

140,023 Escherichia coli strain 
D6 plasmid A 

93  0.0 99.95  CP010149.1 

107,501 Escherichia coli strain 
MRSN346638 plasmid 
pMRSN346638_119.3 

89  0.0 98.75  CP018116.1 

 

41,784 Escherichia coli 
plasmid p C14_35 

73  0.0 97.91  JN935899.1 

 

19,938 Escherichia coli strain 
C41 plasmid pC4102 

100  0.0 99.97  CP127253.1 

12,580 Escherichia coli strain 
G3 10 plasmid pSYM2 

100  0.0 99.95  CP060078.1 

79 
149,419 Escherichia coli strain 

 W658 plasmid 
p W658-T M 

100  0.0 99.99  OM735810.1 

 igh 

23 

131,531 Escherichia coli strain 
 17 C0423 plasmid 

p 17 C0423-1 

100  0.0 99.97  CP088462.1 

 

7,199 Escherichia coli strain 
CR 287 plasmid 

pKP287-2 

100  0.0 100  CP166756.1 

57 
111,012 Escherichia coli strain 

LH09-a plasmid 
pLH09-a-B 

98  0.0 99.99  CP100546.1 

https://www.ncbi.nlm.nih.gov/nucleotide/CP095535.1?report=genbank&log$=nucltop&blast_rank=8&RID=1FBKD9EE013
https://www.ncbi.nlm.nih.gov/nucleotide/CP151006.1?report=genbank&log$=nucltop&blast_rank=1&RID=1FBUMPND013
https://www.ncbi.nlm.nih.gov/nucleotide/CP164549.1?report=genbank&log$=nucltop&blast_rank=1&RID=1FBK1WGB013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2550261619
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2550261619
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2550261619
https://www.ncbi.nlm.nih.gov/nucleotide/CP082070.1?report=genbank&log$=nuclalign&blast_rank=1&RID=1FBUYX64013
https://www.ncbi.nlm.nih.gov/nucleotide/CP095519.1?report=genbank&log$=nucltop&blast_rank=7&RID=1G5WY9FV013
https://www.ncbi.nlm.nih.gov/nucleotide/CP010149.1?report=genbank&log$=nuclalign&blast_rank=2&RID=1EEYZEZN016
https://www.ncbi.nlm.nih.gov/nucleotide/CP018116.1?report=genbank&log$=nucltop&blast_rank=10&RID=1EWV82VR016
https://www.ncbi.nlm.nih.gov/nucleotide/JN935899.1?report=genbank&log$=nucltop&blast_rank=9&RID=1EWW5YKG016
https://www.ncbi.nlm.nih.gov/nucleotide/CP127253.1?report=genbank&log$=nucltop&blast_rank=2&RID=1EWVSFSC016
https://www.ncbi.nlm.nih.gov/nucleotide/CP060078.1?report=genbank&log$=nuclalign&blast_rank=2&RID=1EWWH1NN016
https://www.ncbi.nlm.nih.gov/nucleotide/OM735810.1?report=genbank&log$=nucltop&blast_rank=6&RID=1G5DKND4013
https://www.ncbi.nlm.nih.gov/nucleotide/CP088462.1?report=genbank&log$=nucltop&blast_rank=1&RID=1FA37HD3013
https://www.ncbi.nlm.nih.gov/nucleotide/CP166756.1?report=genbank&log$=nuclalign&blast_rank=1&RID=1FA5FTZY013
https://www.ncbi.nlm.nih.gov/nucleotide/CP100546.1?report=genbank&log$=nuclalign&blast_rank=2&RID=1G4G16J1013
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General genomic features of E. coli genomes are presented in Table 3.3. The genome sizes were 

approximately 4.9-5.3 kbp, with GC content 50%. Total genes were approximately 5,000 for each 

isolate where 94-97% were protein coding.   
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Table 3.3: Genomic features of draft genomes of isolates from RAST. 

 Low  edium  igh 

Features 25 98 01 79 23 57 

Genome size (bp) 4,862,063 5,317,632 5,074,333 4,976,830 5,067,256 5,144,201 

GC content ( ) 51.0 50.4 50.8 50.9 50.6 50.9 

Number of contigs 13 5 7 2 3 3 

Total genes 4,947 5,506 5,306 5,138 5,180 5,393 

Protein encoding genes  
(  of total genes) 

4,795  
(96.93 ) 

5,282 
(95.93 ) 

5,012 
(94.46 ) 

4,866 
(94.71 ) 

4,980 
(96.14 ) 

5,074 
(94.08 ) 

Hypothetical proteins  
(  of CDS) 

366 
(7.63 ) 

645  
(12.21 ) 

527 
(10.51 ) 

427 
(8.78 ) 

508 
(10.20 ) 

523 
(10.31 ) 

Total RNA genes 108 111 105 109 109 109 

rRNA genes (5S, 16S, 23S 
rRNA) 

22(8, 7, 7) 22 (8, 7, 7) 22 (8, 7, 7) 22 (8, 7, 7) 22 (8, 7, 7) 22 (8, 7, 7) 

tRNA genes 86 89 83 87 87 87 
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3.3.3 Identification of Potential Novel Antibiotic Resistance Determinants 

3.3.3.1 OrthoVenn3 

Analysis of OPCs (Figure 3.6) showed 3520 clusters among the tested isolates and the susceptible 

strain Escherichia coli ATCC 25922. All isolates showed notably higher cluster counts than the 

susceptible strain where isolate 57 showed the largest number of clusters compared to other 

isolates. The 152 shared clusters of resistant isolates are highlighted. Cluster occurrences may 

be found in Appendix D: OrthoVenn3 Gene Cluster Occurrence.  
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Figure 3.6: UpSet plot of orthologous clusters for isolates as predicted by OrthoVenn3. 
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The OrthoVenn3 cluster Venn diagram (Figure 3.7) shows 152 OPCs are shared among the six 

TMP resistant isolates. The biological processes clusters shared between the six TMP resistant 

isolates and the susceptible strain showed 32 shared processes. The largest category included 

metabolic processes, conjugation, and nitrogen compound metabolic processes. However, there 

were variations in the number of biological clusters between each TMP resistance level and 

which processes these were. Full results of cluster count for biological processes may be found 

in Appendix D: OrthoVenn3 Gene Cluster Occurrence (Table D2) as BLASTp and InterPro were 

used to validate AMR and pathogenic clusters. AMR functional clusters included plasmid transfer 

and metabolic pathways, with two clusters showing proteins associated with the folate pathway 

as mentioned in Section 1.3.4.3. Cluster 949 contained seven protein clusters which encode for 

the TMP resistant dihydrofolate reductase. Cluster 88 contained eight protein clusters which 

encode sulfonamide resistant dihydropteroate synthase Sul.  

The two low TMP resistant isolates shared six OPCs, each containing two proteins. These clusters 

were associated with DNA mediated transposons (cluster 5120; P76071), β-glucan biosynthesis 

process (cluster 5240; B5YVS0), and the cell membrane (cluster 5385; P0AD04). Three additional 

shared clusters were identified without functional annotations.  

The two medium TMP resistance isolates shared 30 OPCs, each containing two proteins. Several 

clusters were annotated with functional roles consisting of viral tail fibre assembly (cluster 5470; 

P0DJY5), viral tail assembly (clusters 5597; P51768, 5602; O64313, and 5615; O64312), viral 

capsid assembly (cluster 5631; P25476), DNA replication (cluster 5585; P21311), and DNA repair 

(cluster 5612; P21320). Other clusters included protein complex oligomerisation (cluster 5566; 

P21323), peptidoglycan catabolic process (cluster 5567; Q6XQ98), and zinc ion binding (cluster 

5581; P41059). The remaining clusters were identified without functional annotations.  

The two high TMP resistance isolates shared nine OPC with most of these clusters containing 

two proteins. These clusters included cytoplasm (cluster 5510; P64525), transketolase activity 

(cluster 5643; Q58092). Other clusters included plasmid maintenance (cluster 5656; Q52042) 

and DNA binding (cluster 5657; P62553). One cluster contained four proteins and were 

annotated for sequence specific DNA binding (cluster 4584; P19768). The remaining clusters 

were identified without functional annotations. 

The two low and two medium TMP resistance isolates shared one OPC which contained four 

proteins and were identified without a functional annotation. The two low and two high TMP 

resistance isolates shared one OPC which contained five proteins and were identified without a 

functional annotation. The two medium and two high TMP resistance isolates shared three OPCs 

which each contained four proteins and were identified without functional annotations. 

https://www.uniprot.org/uniprot/P76071
https://www.uniprot.org/uniprot/B5YVS0
https://www.uniprot.org/uniprot/P0AD04
https://www.uniprot.org/uniprot/P0DJY5
https://www.uniprot.org/uniprot/P51768
https://www.uniprot.org/uniprot/O64313
https://www.uniprot.org/uniprot/O64312
https://www.uniprot.org/uniprot/P25476
https://www.uniprot.org/uniprot/P21311
https://www.uniprot.org/uniprot/P21320
https://www.uniprot.org/uniprot/P21323
https://www.uniprot.org/uniprot/Q6XQ98
https://www.uniprot.org/uniprot/P41059
https://www.uniprot.org/uniprot/P64525
https://www.uniprot.org/uniprot/Q58092
https://www.uniprot.org/uniprot/Q52042
https://www.uniprot.org/uniprot/P62553
https://www.uniprot.org/uniprot/P19768
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Figure 3.7: Venn diagram of clusters in resistant isolates produced by OrthoVenn3. 

 

3.3.3.2 The Comprehensive Antibiotic Resistance Database 

The Comprehensive Antibiotic Resistance Database (CARD) was used as a reference database to 

identify genetic determinants of known AMR mechanisms present in the isolates (Table 3.4). 

Antibiotic efflux showed the highest perfect and strict hit counts across isolates and resistance 
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levels. Antibiotic target protection and antibiotic target alteration showed the lowest hit counts 

across isolates and resistance levels. However, there were no observable trends among the 

three resistance levels for the six AMR mechanisms. Isolate 23 showed greater hits for perfect 

antibiotic inactivation hits than the other isolates presented.  
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Table 3.4: Antibiotic resistance mechanism CARD hits for each for each isolate. 

Resistance 
Level 

Isolate  
Antibiotic 

Efflux 
Antibiotic 

Inactivation 
Antibiotic Target 

Replacement 

Antibiotic 
Target 

 rotection 

Antibiotic 
Target 

Alteration 

Reduced 
 ermeability to 

Antibiotic 

Low 

25 
Perfect 14 0 1 0 0 1 

Strict 29 2 1 0 13 1 

98 
Perfect 7 1 1 0 0 0 

Strict 38 3 1 0 13 2 

Medium 

01 
Perfect 14 2 3 1 0 0 

Strict 30 2 0 0 13 2 

79 
Perfect 15 1 1 0 0 1 

Strict 29 3 1 0 13 1 

High 

23 
Perfect 7 6 2 0 1 0 

Strict 42 2 1 0 14 2 

57 
Perfect 14 1 3 0 0 1 

Strict 30 3 0 0 14 1 
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Percentage similarity according to CARD of selected genes are presented in Figure 3.8. There 

were high identity scores (>98%) observed for multiple efflux pump associated genes for the six 

resistant isolates and susceptible strain. Genes encoding alternative antibiotic targets, including 

TMP resistance dfrA variants and sulfonamide resistance genes (sul1 and sul2) varied across the 

six isolates. The susceptible strain did not show any CARD results for the antibiotic target 

replacement genes dfrA and sul.  

 

Figure 3.8: Heatmap showing percentage similarity according to CARD of selected genes.  

S denotes the susceptible strain Escherichia coli ATCC 25922. 
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3.3.3.3 Investigation of dfrA Genes 

Isolates across all three resistance levels had folM, folA, and dfrA coding genes according to RAST 

(Table 3.5). RAST genome annotations identified multiple dfrA genes in each isolate, with gene 

copies varying between two and three; both low TMP resistant isolates contained two copies.  

Table 3.5: Presence of antifolate genes in isolates and the number of copies according to 

RAST. 

Resistance Level Isolate folM folA dfrA 

Low 

25 ✓ ✓ ✓✓ 

98 ✓ ✓ ✓✓ 

Medium 

01 ✓ ✓ ✓✓✓ 

79 ✓ ✓ ✓✓ 

High 

23 ✓ ✓ ✓✓ 

57 ✓ ✓ ✓✓✓ 

Ticks denote the number of gene copies present.  

 

RAST Dihydrofolate reductase (EC 1.5.1.3) function annotations for each isolate were validated 

using BLASTn (Table 3.6). Each isolate showed a RAST annotation was a BLASTn hit for folA genes. 

BLASTn showed the dfrA genes were present in each isolate with 100% identity and that the 

genes were located on plasmids.  
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Table 3.6: RAST and BLASTn results for dfrA genes from each isolate. 

  RAST  BLASTn 

T   Resistance Level Isolate  ontig Query length (bp) Description Query cover E-value  ercentage Identity Accession  ene 

Low 

25 

Contig 1 591 Escherichia coli strain 1585m1 chromosome 100  0.0 100  CP086391.1 folA 

Contig 13 474 Escherichia coli strain OX C-517 plasmid p2 100  0.0 100  CP163646.1 dfrA5 

98 

Contig 1 474 Escherichia coli strain C439 plasmid pT82A 100  0.0 100  
CP046026.1 

 
dfrA1 

Contig 2 591 
Escherichia coli strain OX C-19 chromosome 

 
100  0.0 100  CP163780.1 folA 

Medium 

01 

Contig 1 591 Escherichia coli isolate L5_ 1779_ T C genome assembly 100  0.0 100  LR883006.1 folA 

Contig 2 474 Escherichia coli strain CFS3313 plasmid pCFS3313-1 100  0.0 100  CP026940.2 
dfrA5 

 

Contig 3 474 Escherichia coli strain  F7-18-51 plasmid p F7-18-51_1 100  0.0 100  CP063488.1 dfrA15 

79 

Contig 1 591 Escherichia coli strain 6A_B2017 chromosome 100  0.0 100  CP123274.1 folA 

Contig 7 474 Escherichia coli strain OX C-544 plasmid p2 100  0.0 100  CP163847.1 dfrA5 

High 

23 

Contig 1 591 Escherichia coli strain OX C-506 chromosome 100  0.0 100  CP165203.1 folA 

Contig 2 474 Escherichia coli strain 675SK2 plasmid p675SK2_B 100  0.0 100  CP027703.1 dfrA17 

57 

Contig 1 474 Escherichia coli strain 1448 plasmid p1448_1 100  0.0 100  CP184063.1 dfrA1 

Contig 3 480 Escherichia coli strain OX C-132 chromosome 100  0.0 100  CP163888.1 folA 

https://www.ncbi.nlm.nih.gov/nucleotide/CP086391.1?report=genbank&log$=nuclalign&blast_rank=3&RID=1SWDJD7K013
https://www.ncbi.nlm.nih.gov/nucleotide/CP163646.1?report=genbank&log$=nuclalign&blast_rank=15&RID=1SWE5WTA016
https://www.ncbi.nlm.nih.gov/nucleotide/LR883006.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SRCZXKG013
https://www.ncbi.nlm.nih.gov/nucleotide/CP026940.2?report=genbank&log$=nuclalign&blast_rank=5&RID=1SRD94CC016
https://www.ncbi.nlm.nih.gov/nucleotide/CP063488.1?report=genbank&log$=nuclalign&blast_rank=18&RID=1SRDH3S2013
https://www.ncbi.nlm.nih.gov/nucleotide/CP123274.1?report=genbank&log$=nuclalign&blast_rank=5&RID=1SXDC8PC013
https://www.ncbi.nlm.nih.gov/nucleotide/CP163847.1?report=genbank&log$=nuclalign&blast_rank=37&RID=1SXDR1UV013
https://www.ncbi.nlm.nih.gov/nucleotide/CP165203.1?report=genbank&log$=nuclalign&blast_rank=2&RID=1SVU13GJ013
https://www.ncbi.nlm.nih.gov/nucleotide/CP027703.1?report=genbank&log$=nuclalign&blast_rank=5&RID=1SVUAGA5013
https://www.ncbi.nlm.nih.gov/nucleotide/CP184063.1?report=genbank&log$=nuclalign&blast_rank=1&RID=1SX3XD2S016
https://www.ncbi.nlm.nih.gov/nucleotide/CP163888.1?report=genbank&log$=nuclalign&blast_rank=3&RID=1SX49R6W013
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In order to investigate potential evolutionary relationships between dfrA variants in isolates of 

the same TMP resistance level, nucleotide and protein maximum likelihood phylogenetic trees 

were generated using MEGA11 (Tamura et al., 2021). The maximum likelihood phylogenetic tree 

constructed from isolate dfrA nucleotides (Figure 3.9) and proteins (Figure 3.10) showed 

bootstrap values ≥97 . The positions of dfrA gene variants in clades were the same for both 

trees.  Low reseistance isolates (●), medium resistance (▲), and high resistance isolates (★) did 

not form clusters according to the resistance phenotype.   

 

 

Figure 3.9: Nucleotide maximum likelihood phylogenetic tree of isolate dfrA variants. 

Low resistant isolate 

 
Medium resistant isolate 

 High resistant isolate 
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Figure 3.10: Protein maximum likelihood phylogenetic tree of isolate dfrA variants. 

 

 

 

 

 

 

Low resistant isolate 

 
Medium resistant isolate 

 High resistant isolate 
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3.4 Discussion 

In order to investigate the genetic elements underlying varying levels of TMP resistance, 

OrthoVenn3, RAST, and CARD were used. Studies involved in investigating antimicrobial 

resistance profiles have relied primarily on phenotypic analysis to differentiate strains into 

resistant, intermediate, and susceptible (CLSI, 2023; Matuschek et al., 2014; Ranjbar et al., 

2020). To the author’s knowledge, there have not been any previous research investigating the 

genetic elements which may influence the resistance tolerance to an antibiotic. Furthermore, 

the molecular basis of TMP resistance has not been explored within NZ clinical isolates.  

3.4.1 Genomic DNA Extractions 

To determine the quality of gDNA extracted from the DNEasy Blood and Tissue Mini Kit (Qiagen, 

Hilden, Germany) a 1% agarose gel was run. The thick bands at near the wells of the gel suggest 

large and complete gDNA was obtained during extraction (Arslan et al., 2021; Helling et al., 

1974). Isolate 45 showed two bands of gDNA which may be a result of too much biomass 

transferred from the overnight culture prior to extraction (Xin et al., 2021).  

3.4.2 Whole Genome Analysis 

In order to assess the quality of the assembly of reads from MinIon (ONT) (Oxford, UK)  

sequencing, Bandage was used for genome visualisation (Wick et al., 2015). Five of the six 

isolates displayed one large circular contig alongside several smaller contigs, indicating that the 

de novo assemblies were generally successful and close to complete (Wick et al., 2017). These 

smaller contigs showed sequence similarity to other E. coli plasmids, via BLASTn analysis (Table 

3.2), which are commonly found in E. coli genomes (Paganini et al., 2021). Plasmids cause a 

fitness cost on bacterial cells, suggesting their presence is the result of selective pressure, such 

as the pressure caused by antibiotics (Lee & Ko, 2021). Future directions could investigate 

whether the presence and the content of plasmids influence the level of TMP resistance, such 

as if high resistance isolates have more mobile elements than low resistance isolates (Paganini 

et al., 2021).  

Results from RAST annotations (Table 3.3) showed genomes lengths  of approximately  4.9-5.3 

kbp and GC content of 50-51% which is characteristic of UPEC strains, as they typically have 

larger genome sizes than other E. coli strains (Lloyd et al., 2009; Subhadra et al., 2018). 

3.4.3 Identification of Potential Novel Antibiotic Resistance Determinants 

In order to identify potential novel antibiotic resistance determinants, OPCs and known 

resistance genes were compared within and between TMP resistance levels alongside known 
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resistance genes. The UpSet plot generated by OrthOvenn3 (Figure 3.6) showed 3520 OPCs 

shared among all resistant isolates and the susceptible strain, where clusters were identified to 

be housekeeping genes involved in replications, transcription, translation, and basic metabolic 

functions, as previously stated in Section 1.3.2.3 (Geurtsen et al., 2022; Leimbach et al., 2013; 

Rasko et al., 2008). The generated Venn diagram of the 152 OPCs shared between the six 

resistant isolates (Figure 3.7) were identified by BLASTp and InterPro to be variable accessory or 

unique genes which may have been acquired via horizontal gene transfer of plasmids and linked 

to adaptation, resistance, or virulence factors (Tantoso et al., 2022; Touchon et al., 2020). 

Clusters included folate pathway genes such as dfrA (cluster 949) and sul (cluster 88), suggests 

the importance these genes play in TMP and TMP-SMX resistance (Barraud & Ploy, 2015; Li et 

al., 2020).  

Results from Figure 3.7 showed distinct clusters when interpreting relationships within TMP 

resistance levels (i.e., low, medium, and high). Low resistance isolates showed a cluster which is 

associated with DNA mediated transposons which may allow for antibiotic resistance genes to 

transfer across genomes and potentially species (Partridge et al., 2018; Stokes & Gillings, 2011). 

Cell membrane and wall clusters were also seen by low resistance isolates which can alter cell 

robustness to antibiotics (Choi & Lee, 2019; Delhaye et al., 2019; Morè et al., 2019). Medium 

resistance isolates showed viral assembly OPCs which may be the result of prophage activity and 

phage mediated horizontal gene transfer which can cause resistance traits (Touchon et al., 2017; 

Wendling et al., 2021). Clusters associated with DNA replication and repair were also seen within 

the medium level which may cause survival caused by antibiotic stress (Baharoglu & Mazel, 

2014). Peptidoglycan catabolism clusters and envelope processes are linked to envelope 

remodelling which can affect structural integrity to antibiotics (Morè et al., 2019). Zinc binding 

and oligomerisation proteins can be associated in regulatory or enzymatic complexes relevant 

to antibiotic stress and resistance phenotypes (Sharma et al., 2017; Thota & Chubiz, 2019). High 

resistance OPCs showed plasmid maintenance which has been noted in bacteria with high 

tolerance to other antibiotics such as β-lactams and quinolones (Buckner et al., 2018; Lopatkin 

et al., 2017). The DNA binding and regulatory OPCs upregulate efflux and porins which has been 

seen in MDR strains (Sharma et al., 2017). The transketolase activity cluster has been shown 

through carbon metabolism studies to show relationships between metabolic states and 

antibiotic susceptibility and evolution to resistance (Zampieri et al., 2017). Investigating the 

influence of metabolism on AMR may be an area of interest for future research.  

The low OPCs counts shared between the resistance groups (i.e., low and medium, low and high, 

medium and high) suggests resistance and degree of resistance may result from multiple 

mechanisms rather than a shared pathway (Baquero et al., 2021). The variation in cluster 
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numbers without functional annotations between different levels of TMP resistance may 

represent uncharacterised accessory genes which could contribute to different resistance 

phenotypes (Goldstone & Smith, 2017). This highlights the importance of using multiple 

databases to verify and characterise hypothetical proteins, as clusters with uncharacterised 

functional annotations in one database may show sequence similarities to AMR determinants in 

another database, therefore helping decipher the function of this annotated sequence (Nan et 

al., 2009).   

All six isolates and susceptible strain showed differing percentage similarity to antibiotic efflux 

pumps and permeability genes in CARD (Figure 3.8). Differences in percentage similarities within 

TMP resistance levels may indicate allele variants or novel sequence divergence which are not 

currently represented in CARD (Lipworth et al., 2024). Further investigation should be done to 

determine if these are novel AMR determinants or if they are limited by the information offered 

in the database (Suarez & Martiny, 2024). The high percentage similarities seen with efflux pump 

genes is expected as these are important in resistance evolution as prolonged antibiotic 

exposure leads to increased efflux activity to reduce the drug concentrations in the cell (Viveiros 

et al., 2007). The differences in percentage similarities to the efflux regulatory gene marA may 

result from upregulation of AcrAB-TolC system which is vital in MDR and reducing drug 

permeability into bacterial cells (Sharma et al., 2017). Investigating this system may be an area 

of future work. The six TMP resistance isolates had a dfrA variant and a sul variant, which the 

susceptible strain did not which is expected of resistant isolates.  

3.4.4 Investigation of dfrA Genes 

RAST annotations in Table 3.4 showed the six isolates contain folA (chromosomal DHFR) and 

folM, which indicates the core folate pathway genes that are essential for THF dependent carbon 

metabolism as previously shown in Figure 1.8 (Huovinen et al., 1995). The key difference was 

the number of annotated dfrA copies by RAST, two copies in the two low TMP resistant isolates 

and two or three copies for isolates in the medium and high resistant isolates. Additional dfrA 

alleles may be on integrons or plasmids which encode TMP resistant DHFRs which are not 

susceptible to TMP (Krucinska et al., 2022; Labar et al., 2012). This further allows for folate 

reduction to occur under TMP antibiotic stress, therefore a higher copy numbers of the dfrA 

gene may be expected in higher resistant isolates, however more isolates are needed to 

investigate this further  (Grape et al., 2007; Huovinen et al., 1995; Li et al., 2020; Partridge et al., 

2018; Sköld, 2000).  To confirm number of dfrA genes and if they are on mobile genetic elements, 

RAST annotated dfrA genes were run through BLASTn.  Table 3.6 showed that isolates contained 
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one or two copies of the gene. This could be further determined using quantitative polymerase 

chain reactions to investigate the gene response to TMP (Shi et al., 2021).   

The OrthoVenn and CARD results from Table 3.4 and gene similarities in Figure 3.8 showed all 

TMP resistance isolates contained dfrA variants. This was confirmed by RAST annotations where 

BLASTn was used to validate annotations. RAST showed potential dfrA annotations of genes to 

be a folA gene. As stated above in Section 3.2.7, using multiple databases offers different levels 

of evidence to provide more reliable confirmation of gene identity and function (Griesemer et 

al., 2018). Plasmids may often carry determinants which are responsible for inducing the 

resistance to many antibiotics (Geurtsen et al., 2022). BLASTn located the dfrA genes to be on 

plasmids in other E. coli isolates. This is important to investigate since resistance genes can be 

transferred from strains via mobile elements (Ibrahim et al., 2023; Khanal et al., 2024; Toro et 

al., 2014).  

Isolates of E. coli from human and clinical isolates investigating TMP resistance report the 

presence of at least one dfrA gene (Brolund et al., 2010; Mazurek et al., 2015; Somorin et al., 

2022). The multiple dfrA genes shown by isolate 01 from the medium TMP resistance group does 

not guarantee high TMP resistance (Canal et al., 2016; Somorin et al., 2022).  Multiple dfrA genes 

are seen in human UTI strains however only one may be expressed (Brolund et al., 2010). 

Biochemical and structural studies on TMP resistance alleles show that different dfrA genes can 

yield different resistance levels (Brolund et al., 2010; Krucinska et al., 2022; Lee et al., 2001; 

Somorin et al., 2022). Therefore, the differences seen between the two dfrA variants within each 

of the three TMP resistance levels may dependent on which dfrA variants are present in the 

strain and how they are expressed (Brolund et al., 2010; Krucinska et al., 2022; Lee et al., 2001). 

Future research may investigate how transcription analysis may be done to investigate how the 

expression levels of the dfrA genes differ from housekeeping genes in the strain (Mazurek et al., 

2015). Transcriptomics using RNA-Sequencing may also be used to investigate if a dfrA variant 

is expressed more than the other, such as in isolate 01 where dfrA5 and dfrA15 were identified 

(Manoharan-Basil et al., 2025; Poonawala et al., 2024).  

Large clinical studies investigating UPEC showed dfrA1, dfrA12, and dfrA17 variants were 

prevalent TMP associated resistance genes (Lee et al., 2001; Li et al., 2020; Poey et al., 2024; Yu 

et al., 2004). Isolates 57 and 98 contained dfrA1 and isolate 23 contained dfrA17. A less 

frequently seen variant in resistant studies is dfrA5 (Šeputienė et al., 2010). Isolates 01, 25, and 

79 contained this variant. The variant dfrA15 is not commonly listed among dfrA variants 

associated in E. coli but was seen in isolate 01 (Barraud & Ploy, 2015; Grape et al., 2007; Lacotte 

et al., 2017). Phenotypic TMP resistance thresholds categorised by low, medium, and high 
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criterium may be a result of the diversity of dfrA variants and if they are commonly seen in E. 

coli strains (Barraud & Ploy, 2015).  

Nucleotide differences in genes may show recent divergence where protein differences may 

show ancient evolutionary relationships from amino acid changes (Huntzinger & Izaurralde, 

2011). Phylogenetic trees shown in Figure 3.9 and Figure 3.10 showed isolate dfrA variants were 

positioned irrespective of the TMP resistance level rather it was the type of dfrA that determined 

the positioning. The bootstrap values were ≥ 97  for the nucleotide maximum likelihood the 

protein maximum likelihood bootstrap values were 100%. These values suggest clades were 

strongly supported (Hillis & Bull, 1993). TMP resistance may not be solely due to the presence 

of  dfrA genes, suggesting other mechanisms other than antifolate target mutations may be 

involved in resistance (Somorin et al., 2022). 

3.4.5 Novel Resistance Determinants and dfrA Genes Involvement in TMP 

Resistance 

The whole genome analysis from OrthoVenn3 cluster and CARD and investigations suggests TMP 

resistance in E. coli is the result of multiple mechanisms and presence of certain genes. Such as 

the presence of efflux pumps (as shown in Table 3.4 and Figure 3.8), which can reduce antibiotic 

concentrations within cells and allow for resistance (Blair et al., 2015; Li & Nikaido, 2009). The 

acquisition of genes such as dfrA variants on plasmids may provide antibiotic target 

replacements while integron associated sul genes allow for multidrug resistance (Lacotte et al., 

2017) . This highlights the involvement of intrinsic chromosomal mechanisms and horizontally 

acquired mobile elements such as plasmids in resistance (Rasko et al., 2008; Touchon et al., 

2020). 

3.5 Conclusion 

This chapter highlights the importance of investigating phenotypic TMP resistance with its 

genomic profiles. Genome annotations of the six isolates showed the presence of AMR genes, 

including several dfrA variants. Their presence did not determine the levels of TMP resistance 

established by phenotypic AST results presented in Chapter 2. Phylogenetic trees constructed 

from dfrA nucleotides and protein sequences showed clades determined by dfrA variant rather 

than TMP resistance level. Future studies should increase the number of isolates within each 

TMP resistant level and incorporate functional analysis to explore the roles of plasmids, efflux 

pumps and other AMR pathways. In addition, transcriptomic analysis of AMR and housekeeping 

genes would provide valuable information into how TMP is ineffective against UPEC strains.  
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Chapter 4 Final Discussion 

Antimicrobial resistance (AMR) is a growing public health crisis, contributing to rising mortality 

and morbidity (Manna et al., 2021). Resistance is an emerging public health crisis, with 

increasing numbers associated with mortality and morbidity involving AMR infections. As 

bacteria only have several antibiotic target proteins, they are nearing complete resistance to 

several antibiotic molecules with few genetic mutations (Manna et al., 2021; Tamer et al., 2019). 

Almost all human pathogens exhibit AMR mechanisms causing a heavy burden on health care 

systems globally (Melnyk et al., 2015). Through genetic mutations and the acquisition of new 

genes, bacteria have become more resistant to several crucial first line antibiotics used to treat 

them (Bunduki et al., 2021; Bushby & Hitchings, 1968; Nolan et al., 2015).  

Trimethoprim (TMP) was once a commonly used antibiotic to treat uropathogenic Escherichia 

coli (UPEC) infections (Flores-Mireles et al., 2015). However, high levels of resistance observed 

by pathogens have resulted in TMP being an ineffective antibiotic, which highlights the 

importance to understand AMR within this public health crisis (D. S. Lee et al., 2018b; Manna et 

al., 2021; Tamer et al., 2019).  

Currently, there is a limited knowledge of the resistance mechanisms on New Zealand (NZ) UPEC 

isolates. This study identified the resistance mechanisms of UPEC isolates from Middlemore 

Hospital (Auckland, NZ) through minimum inhibitory concentration (MIC) testing and 

comparative genomic analysis. This study aimed to confirm established TMP resistance 

mechanisms, while exploring novel resistance mechanisms among these NZ isolates. 

4.1 Antibiotic Susceptibility Testing of E. coli 

RQ1: What antibiotics are UPEC isolates resistant to and at what concentrations?   

To confirm UPEC isolates from Middlemore Hospital exhibited TMP resistance, disk diffusion 

antibiotic susceptibility testing (AST) was done. Of the 106 isolates tested, 98 retained TMP 

resistance with 82 of these isolates resistant to the combination trimethoprim-sulfamethoxazole 

(TMP-SMX). These results are consistent with findings from LabPLUS (2023) and Heffernan et al. 

(2009).  

Several isolates in the present study were classified as being susceptible or intermediate to 

nitrofurantoin and amoxicillin-clavulanic acid with several isolates showing resistant colonies 

within the zone of inhibition of the meropenem disk. These resistance phenotypes may be 

investigated further as stated in Section 4.3 to understand implications on clinical empirical 
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prescriptions. Resistant colonies to meropenem may be a cause of concern for future infection 

management given LabPLUS (2023) reported 100% susceptibility among clinical E. coli isolates 

(Table 1.3). This suggests the potential for carbapenem resistance by NZ clinical isolates which 

may impact infection management in the future.   

RQ2: How does the growth rate vary between TMP resistant UPEC isolates (determined by 

RQ1) in the presence of varying concentrations of TMP at 37°C? 

To determine if each isolate exhibited phenotypic differences in TMP resistance, OD curves were 

generated from increasing TMP concentrations during MIC testing. Each of the 74 TMP resistant 

isolates from disk diffusion assay AST showed differences in growth over 24 hours and generally 

showed lower maximum levels of growth as the TMP concentration increased. The curves 

generated by OD readings suggest that several isolates are able to withstand over 100 times the 

clinical breakpoint as stated in CLSI (2023). These OD statistical models would need to be 

supported by viable counts in future research.  

To determine which isolates exhibited low, medium, and high TMP, a criterion was created from 

the OD curves generated from MIC testing. To our knowledge, neither the extent of TMP 

resistance in E. coli exceed well above the clinical breakpoint have been investigated, especially 

in NZ. Results from Chapter 2 show that several of the resistant isolates were able to tolerate 

TMP concentrations 128 times above the clinical breakpoint. Therefore, these isolates were 

selected for WGS to investigate differences in isolate genomes within and between resistance 

levels.  

4.2 Whole Genome Sequencing of E. coli 

RQ3: What are the genetic differences of the whole genomes of differing levels of TMP 

resistant UPEC strains in the absence of the antibiotic? 

To determine the genetic differences of the isolates whole genome analysis was carried out. The 

identification of potential novel resistance determinants was done using CARD and OrthoVenn3 

to identify genes of interest and protein clusters across resistance levels. The presence of the 

dfrA gene was confirmed by RAST annotation and BLASTn analysis before nucleotide and protein 

maximum likelihood phylogenetic trees were constructed using the Bootstrap method. The 

expression levels of plasmids, efflux pumps and other AMR pathways may provide useful 

information in determining genetic influences on phenotypic TMP resistance levels.  
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4.3 Future Directions 

Areas for the direction of further research were identified from the summary of results 

described above. These areas have been presented below.  

• Larger sample size. The present study used a small sample size of 106 isolates, therefore 

increasing the sample size may help understand the resistance mechanisms exhibited 

by NZ UPEC.  

o Using more isolates during OD analysis may be used to validate trends seen by 

each of the three resistance levels during AUC statistical analysis.  

o Obtaining UPEC isolates from various hospitals around NZ may show regional 

differences in resistance phenotypes which could then be used to direct current 

empirical antibiotic stewardship. For example, to determine if resistance and 

empirical treatment is high in urban areas as explored by Ussher et al. (2020).  

• Comparisons with E. coli strains isolated from non-human urine samples. Comparative 

genomics can be used to identify if resistance mechanisms are the same or differ 

depending on where isolates were obtained.  

o This may be done within clinical samples containing intestinal or extraintestinal 

pathogenic E. coli strains to investigate if strains isolated from different body 

sites vary in their exhibited resistance mechanisms. 

o Comparisons may be made with other strains obtained from the environment 

such as from soils, water, or other mammals to investigate if there are 

environmental influences on E. coli resistance mechanisms.  

o Construction of phylogenetic trees to estimate evolutionary relationships and 

genetic similarities between these E. coli strains. 

• Use of metadata. The present study did not include metadata of the patient each isolate 

was derived from.  

o The use of metadata will help create a greater understanding of the effects of 

patient environmental and genetic factors on the development of antibiotic 

resistant UPEC in NZ.  

o The use of metadata in future research may also aid in clinical applications such 

as directing appropriate antibiotic therapies for certain ethnicities and health 

discrepancies. 

• Gene and protein expression. The present study identified the presence of several 

resistance genes of interest using WGS and comparative genomics. However, there 

were no observable differences between the three levels of TMP resistance. Therefore, 
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the following may be used to investigate the expression levels of these genes to identify 

if there are differences within levels: 

o Transcriptomics has been revolutionised by the development of high-

throughput next-generation sequencing by enabling the analysis of RNA 

through sequencing of millions of short reads from the ends of complementary 

DNA (cDNA) from sample RNA fragments  (Kukurba & Montgomery, 2015; Li & 

Dewey, 2011; Wang et al., 2009). This may be used to identify if there are 

differences in gene expression levels at varying TMP concentrations (i.e., 

exceeding the clinical breakpoint of 32 µg/mL). This could determine if strains 

exhibiting high resistance show upregulation of certain resistance genes 

compared to low resistance strains. This approach could be investigated to 

determine whether reduced expression of housekeeping genes allows for the 

phenotypic level of resistance. 

o Each isolate demonstrated typical biological functions. Therefore, investigating 

the effect of TMP on metabolic pathways using metabolomics may be used to 

investigate how E. coli metabolism changes in response to TMP stress in their 

environment (Mathieu et al., 2016; Zampieri et al., 2017). This could be done by 

measuring the effect of isolate folic acid in the presence of TMP. Folic acid is 

involved in metabolic functions which are essential for cell survival (Fernández-

Villa et al., 2019; Shi et al., 2021). 

o The function of plasmids presented in Table 3.2 may be interpreted to confirm 

the function and involvement in AMR and the expression of genes on the 

plasmid in response to antibiotic stress.  

o Suspected efflux pumps may be investigated for their role in TMP resistance 

using proteomics alongside gene knockout. These genes in resistant strains may 

be suppressed to investigate if resistance is lost and genes may be activated in 

susceptible strains to investigate if resistance is induced.  

o Investigations of structural and mechanical studies involved in DHFR enzymes 

to understand the effect of protein differences in dfrA variants and levels of TMP 

resistance (Krucinska et al., 2022). 

• Investigation of other folate pathway genes. Evolutionary experiments identified point 

mutations in folA as mentioned in Section 1.3.5.2. Therefore, future directions can 

investigate variants of folA genes in relation to high levels of TMP exposure as this may 

play a role in TMP susceptibility (Tamer et al., 2019). Multiple sequence alignments of 

folA variants may be done using MEGA11 MUSCLE to identify point mutations which 
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may highlight nucleotide changes which correlate to the phenotypic level of resistance 

(Podnecky et al., 2017; Sierra et al., 2020). 

• Comparison with international data. Comparative genomics may be used to 

understand if there is novelty of TMP resistance levels in NZ isolates from this study to 

other studies investigating TMP resistance in E. coli from different countries.  

o A curated database such as PubMLST may be used for genotypic and 

epidemiological analysis of the tested isolates. This could further findings 

established in Section 2.2.3 of this study and contribute to the understanding of 

global antibiotic resistance and direct national dispensing rates.  

o Utilising statistical analysis outlined in international data to interpret growth 

curves would allow for quantification comparison of isolates in response to the 

tested TMP concentrations (Angermayr et al., 2022; Chandrasekaran & Jiang, 

2019).  

• Investigations involving sulfamethoxazole on E. coli isolates. TMP was the primary 

focus of the present study. As TMP is commonly prescribed in combination with 

sulfamethoxazole in clinical applications, future studies may investigate the relationship 

between the two antifolate antibiotics as resistance requires two independent 

mutational events to occur for resistance to develop (Murray et al., 1982).  

o Identify if TMP-SMX resistant strains demonstrate different phenotypic 

resistance OD curves in the presence of one or both antibiotics.  

o Investigating if SMX resistant strains exhibit the same or different resistance 

mechanisms to TMP resistant strains during whole genome analysis. This could 

be further investigated using gene expression tools such as transcriptomics as 

mentioned above.  

• Wider clinical applications.  

o If used, empirical treatments should be updated to account for resistance rates 

for antibiotics used before sample culturing and sensitivity results are available.  

o Encouraging practitioners or clinic communication with molecular pathologists. 

By doing this, practitioners who prescribe antibiotics to patients are informed 

of resistance rates and updated with criteria that can be used for empirical 

treatment and/or culture and sensitivity testing. This may allow for appropriate 

patient treatment and efficiency during laboratory testing with high influx 

samples.  

o Educating the public on AMR such as the annual LabPlus susceptibility results, 

therefore informing patients on treatment options, such as if empirical 

treatment is suitable prior to culture and susceptibility testing.  
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4.4 Conclusions 

To conclude, the present study is the first to utilise levels of resistance and comparative 

genomics to study antibiotic resistant Escherichia coli isolates from urinary tract infections in 

New Zealand. Findings have suggested that there are varying levels of resistance above the 

clinical breakpoint. Whole genome analysis of resistant isolates and comparative genomics 

showed isolates contained at least one dfrA variant, which is an established contributor to 

trimethoprim resistance in E. coli. Furthermore, efflux pumps may contribute to their level of 

resistance and investigating their gene expression may be of interest in future research. 

Overall, this initial study of trimethoprim resistant strains of uropathogenic E. coli from New 

Zealand has provided a snapshot of the genomic characteristics of these strains. There are many 

areas of future directions which may be applied to fully understand uropathogenic E. coli and its 

mechanisms of antibiotic resistance.  
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Appendices 

Appendix A: Middlemore Hospital Antibiotic Susceptibility Testing  

Antibiotics tested during disk diffusions assays at Middlemore Hospital as mentioned in Section 

2.2.1. Isolates which were classified as being TMP resistant were given to AUT for further testing.  

Table A: Antibiotics used during AST patient urine testing at Middlemore Hospital. 

Antimicrobial  lass Antibiotic Dis   ontent 

Penicillins Ampicillin 10 µg 

β-Lactam Combination Agents Amoxicillin-Clavulanic Acid 20-10 µg 

Monobactams Aztreonam 30 µg 

Cephems 

Cefoxitin 30 µg 

Cefuroxime 30 µg 

Ceftazidime 30 µg 

Ceftriaxone 30 µg 

Carbapenems  rtapenem 10 µg 

Aminoglycosides Gentamicin 10 µg 

Nitrofurans Nitrofurantoin 300 µg 

Quinolones Norfloxacin* 10 µg 

Folate Pathway Antagonists Trimethoprim 5 µg 

Cephazolin (30 µg) used in place of norfloxacin in paediatrics (≤ 14 years).  
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Appendix B: Confirmation of Antibiotic Susceptibility 

Full antibiotic susceptibility results for the 106 isolates obtained from Middlemore Hospital from 

Section 2.3.1 can be viewed in Supplementary File Appendix B. Duplicate zones of inhibition 

were calculated and susceptibility was interpreted for each antibiotic based on CLSI (2023). 

Green indicates isolate is susceptible, yellow indicates intermediate susceptibility, and red 

indicates resistant to antibiotic. NG indicates no growth of isolate and l.o.g, indicates lawn of 

growth up to antibiotic disk.  

Appendix C: Determination of Resistance Levels 

Growth curves generated for 74 isolates from Section 2.3.2.1 can be viewed in Supplementary 

File Appendix C. These curves were used to generate the two criteria in Table 2.5 and Table 

2.6.  

Appendix D: OrthoVenn3 Gene Cluster Occurrence 

The OrthoVenn3 cluster occurrence table from Section 3.3.3.1 of the 3520 clusters among the 

six resistant isolates and the susceptible strain and can be viewed in Supplementary File 

Appendix D. 

Appendix E: OrthoVenn3 Resistance Cluster Biological Processes 

The 152 clusters of interest associated with AMR and pathogenicity between the six resistant 

isolates and the BLASTp and InterPro results from Section 3.3.3.1 can be found in in 

Supplementary File Appendix E. 

Appendix F: OrthoVenn3 Resistance 

The OrthoVenn3 identification of the 152 biological processes clusters shared between the six 

resistance isolates from Section 3.3.3.1 can be viewed in Supplementary File Appendix F.  

 


