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Abstract 

In the current landscape, where antibiotic resistance in bacteria is steadily rising, 

the role of bacterial genomics has assumed increasing significance. Therefore, it is 

necessary for microbiologists to acquire proficiency in the utilization of these methods 

and tools to harness their potential in gaining valuable insights into bacterial genomes. 

This can facilitate the development of innovative strategies for managing and treating 

bacterial infections. Here we present the power of the whole-genome sequencing 

technology in characterization of multidrug resistant Escherichia coli isolates. Fourteen 

Escherichia coli isolates were selected for this study. Following the standard 

microbiological techniques to confirm the sample identification, the genomic DNA from 

each isolate was extracted and sequenced using Illumina NovaSeq machine. The 

sequencing of the 14 isolates yielded an average of 100,079,168 high-quality reads 

which assembled to an average of 188 contiguous sequences longer than 200 bp. The 

draft genomes were then OH serotyped and MLST sequence typed. The common 

serotype and sequence type was O102:H6 (4/16, 42.8%) and ST648 (4/14, 28.6%), 

respectively. Antimicrobial resistant analysis characterized blaNDM gene in all isolates 

(13 carried blaNDM-5 and 1 carried blaNDM-1) which comfort resistance to carbapenem 

antibiotics. Of these, 8 isolates also carrying blaCTX-M-15 and 7 carrying blaCMY-42 making 

them multidrug-resistant E. coli producing extended-spectrum β-lactamase (ESBL) 

enzymes and carbapenemases. Furthermore, the isolates contained a range of resistance 

genes related to aminoglycosides, tetracyclines, sulphonamides and macrolides. 

Noteworthy, all isolates retain their susceptibility to colistin and tigecycline. Whole-

genome sequencing serves as a sophisticated and cutting-edge approach for precisely 

predicting antibiotic resistance patterns in complex and highly resistant E. coli isolates, 

particularly those exhibiting carbapenem resistance and ESBL production. It empowers 

researchers and clinicians with invaluable insights into the genetic basis of resistance, 

ultimately aiding in the development of more tailored and efficacious therapeutic 

interventions. 

Keywords: Bacterial Genomics, Whole-Genome Sequencing, Antibiotic Resistance, 

Escherichia Coli, Multidrug Resistance, Carbapenem Resistance, Extended-Spectrum Β-

Lactamase (ESBL). 
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Title and Abstract (in Arabic) 

 دراسات التناسخية والوبائية لسلالة الإشريكية القولونية التي تم جمعها من إمارة أبوظبي باستخدام أدوات

 والبيَوُْمعلوماتية التسلسل الجيني 

 ص الملخ

الهدف: في المشهد الحالي، حيث تتزايد مقاومة المضادات الحيوية في البكتيريا بشكل مطرد، اكتسب دور علم الجينوم 

البكتيري أهمية متزايدة. لذلك، من الضروري أن يكتسب علماء الأحياء الدقيقة الكفاءة في استخدام هذه الأساليب والأدوات  

ي الجينومات البكتيرية. يمكن أن يسهل هذا تطوير استراتيجيات مبتكرة لإدارة  لتسخير إمكاناتها في اكتساب رؤى قيمة ف

وعلاج الالتهابات البكتيرية. هنا نقدم قوة تقنية تسلسل الجينوم الكامل في توصيف عزلات الإشريكية القولونية المقاومة للأدوية 

الإشريكية القولونية لهذه الدراسة. باتباع التقنيات الميكروبيولوجية القياسية لتأكيد  تم اختيار أربعة عشر عزلة من .المتعددة

أسفر تسلسل   .Illumina NovaSeq تحديد العينة، تم استخراج الحمض النووي الجينومي من كل عزلة وتسلسله باستخدام آلة

تسلسل متجاور أطول من  188قراءة عالية الجودة والتي تم تجميعها في متوسط  100,079,168عينة عن متوسط  14الـ 

النمط المصلي  كان  .MLST ونمط التسلسل OH زوج أساسي. ثم تم تصنيف الجينومات حسب النمط المصلي 200

وصف   على التوالي. ST648 (4/14, 28.6%)و  O102:H6 (4/16, 42.8%)المشترك ونوع التسلسل هما 

وعينة واحدة   blaNDM-5 عينة تحمل 13في جميع العينات:  blaNDM تحليل مقاومة مضادات الميكروبات جين

 8من بين هذه العينات، تحمل   مما يعزز من المقاومة للمضادات الحيوية وخاصة الكاربابينيم. blaNDM-1 تحمل

مما يجعلها مقاومة للأدوية المتعددة وتنتج إنزيمات بيتا   blaCMY-42 عينات تحمل 7و  blaCTX-M-15 عينات أيضًا

ذات الطيف الموسع وكاربابينيماز. علاوة على ذلك، احتوت العزلات على مجموعة من جينات المقاومة   (ESBL) لاكتاماز

المرتبطة بالأمينوغليكوزيدات والتتراسيكلينات والسلفوناميدات والماكروليدات. والجدير بالذكر أن جميع العزلات تحتفظ  

صة: يعمل تسلسل الجينوم الكامل كنهج متطور للتنبؤ بدقة بأنماط مقاومة الخلا .بحساسيتها للكوليستين والتيجيسيكلين

المضادات الحيوية في عزلات الإشريكية القولونية المعقدة والمقاومة للغاية، وخاصة تلك التي تظهر مقاومة الكاربابينيم  

لباحثين والأطباء من الحصول على رؤى لا تقدر بثمن حول الأساس الجيني للمقاومة، مما يساعد في ليمكّن  .ESBL وإنتاج

 .نهاية المطاف في تطوير تدخلات علاجية أكثر ملاءمة وفعالية

 

علم الجينوم البكتيري، تسلسل الجينوم الكامل، مقاومة المضادات الحيوية، الإشريكية القولونية،  :مفاهيم البحث الرئيسية

  .(ESBL) الكاربابينيم، بيتا لاكتاماز الطيف الموسعمقاومة الأدوية المتعددة، مقاومة  
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Chapter 1: Introduction 

1.1 Overview 

Over the past five decades, the scientific community has made monumental 

strides in the field of molecular biology, particularly in determining the sequence order 

of nucleic acids within biomolecules. This journey from sequencing single genes to the 

advanced capability of Whole Genome Sequencing (WGS) represents a significant 

technological evolution. WGS, a method capable of sequencing millions of DNA 

fragments simultaneously, allows researchers to rapidly analyze large datasets. This 

technique is especially vital in studying complex biological phenomena such as 

antibiotic resistance, a major concern in global public health. A prime example of this 

concern is Carbapenem-resistant Enterobacteriaceae (CRE), a group of bacteria highly 

resistant to carbapenem antibiotics, typically used as a last-resort treatment for severe 

infections. CRE infections, including those caused by strains of Escherichia coli, pose a 

significant threat due to their high resistance to multiple antibiotics. In this study, we aim 

to leverage the versatility of WGS and bioinformatics tools to gain a deeper 

understanding of the genetic mechanisms behind carbapenem resistance in Escherichia 

coli. This approach not only aids in identifying specific resistance genes but also 

contributes to tracking the transmission and evolution of these resistant strains, 

ultimately enhancing our strategies to combat this critical public health issue. 

1.2 Research Objectives 

This study is designed to systematically evaluate the capabilities of bacterial 

bioinformatics tools in analyzing Next-Generation Sequencing (NGS) data. A key goal is 

to uncover the genetic diversity and antimicrobial resistance (AMR) patterns of E. coli 

strains within the study population from Abu Dhabi Emirate, providing critical data to 

support public health initiatives and infection control strategies. Using NGS, we will 

sequence 14 E. coli strains collected from patients with confirmed E. coli infections, 

aiming to understand their clonality and epidemiological characteristics. The NGS data 

will serve to ascertain the genetic relationships among these strains and identify clonal 

lineages prevalent in the region. Advanced bioinformatics analyses will be employed to 

detect genes linked to antibiotic resistance, enhancing our understanding of the 
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resistance mechanisms in these strains. We anticipate the study will reveal distinct clonal 

lineages of E. coli in Abu Dhabi Emirate and identify key genes associated with 

antibiotic resistance. These findings are expected to inform the development of targeted 

approaches for preventing and controlling E. coli infections in the UAE. 

1.3 History of DNA Sequencing  

The journey of DNA sequencing technology began with pioneering work in 

understanding the chemical structure of biopolymers. Fred Sanger, a key figure in this 

field, dedicated his career to elucidating these structures, believing that comprehending 

the sequence of living molecules was crucial (Sancar & Sancar, 1988). Ironically, despite 

DNA’s central role in genetics, protein and RNA sequencing preceded DNA sequencing. 

Sanger's groundbreaking work in the early 1950s on insulin marked the first successful 

protein sequencing, showcasing the distinct amino acid sequences in proteins (Sanger & 

Tuppy, 1951). The subsequent development of the Edman degradation technique further 

accelerated protein sequencing (Takahashi et al., 1950). In the 1960s, RNA sequencing 

emerged, employing techniques like RNase digestion, chromatography, and 

electrophoresis, followed by exonuclease sequencing. This laborious process culminated 

in the sequencing of alanine tRNA from yeast, a significant milestone in molecular 

biology (Holley et al., 1965). Despite these advancements in protein and RNA 

sequencing, it wasn’t until later that DNA sequencing gained prominence. The transition 

from understanding proteins and RNA to focusing on DNA marked a pivotal shift in 

molecular biology, leading to the development of techniques that laid the foundation for 

modern sequencing technologies. It’s crucial to recognize these early achievements, as 

they set the stage for the rapid, high-throughput DNA sequencing methods we use today 

(Sanger et al., 1965). 

1.3.1 First Generation Sequencing 

The early stages of DNA sequencing were notably challenging. In 1968, Wu's 

pioneering work revealed 12 bases at the ends of bacteriophage lambda using primer 

extension methods (Wu & Kaiser, 1968). This was followed by Gilbert and Maxam's 

achievement in 1973, who decoded 24 bases of the lactose-repressor binding site, a 

process that impressively took two years per base (Gilbert & Maxam, 1973). The 
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landscape of sequencing was significantly changed in 1976 with the introduction of two 

groundbreaking techniques capable of decoding hundreds of bases daily: the Sanger-

Coulson chain termination method and the Maxam-Gilbert chemical cleavage method, 

both of which employed radioactive labeling to determine nucleotide sequences. 

In the Sanger-Coulson method, DNA polymerase was used to extend a primer, 

adding a dideoxynucleotide that lacks a 3' hydroxyl group, effectively terminating the 

DNA synthesis. The DNA fragments produced were then analyzed through gel 

electrophoresis to determine the sequence. On the other hand, the Maxam-Gilbert 

method chemically cleaved DNA at specific sites, with different reactions in separate 

tubes for each base. These fragments were also separated by gel electrophoresis. While 

they are now considered outdated, the Sanger-Coulson and Maxam-Gilbert methods 

were pivotal in the development of DNA sequencing technology. Sanger's approach 

involved the use of DNA polymerase to extend a primer with chain-terminating 

nucleotides, resulting in fragments of various sizes (Sanger et al., 1977). Gilbert's 

technique used chemical reactions to partially cleave a DNA-restriction fragment at 

specific bases (Maxam & Gilbert, 1977). Both methods utilized polyacrylamide slab gel 

electrophoresis, a technique introduced by Maniatis et al. in 1975, for fragment 

separation. The fragments, visualized on X-ray film, formed a ladder pattern that was 

used to read the base sequence. 

These advancements led to further innovations. In 1979, Staden introduced 

shotgun sequencing, a method that involved sequencing random clones and assembling 

the sequences by identifying overlaps (Staden, 1979). The single-stranded M13 phage 

cloning vector, developed by Messing around 1980, greatly simplified RNA sequencing 

(Messing et al., 1981). This method was later applied to sequence the genomes of 

viruses, including bacteriophage lambda, by sequencing RNA molecules and using the 

overlaps between fragments to deduce the entire genome sequence (Sanger et al., 1982). 

In 1987, Smith, Hood, and Applied Biosystems introduced automated, fluorescence-

based Sanger sequencing machines (Smith et al., 1986), boosting the daily sequencing 

capacity to about 1,000 nucleotides. The exponential increase in sequence data led to the 

establishment of databases like GenBank and search tools like BLAST (Altschul et al., 

1990), enhancing the value of each sequence and encouraging a culture of data sharing. 
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By 1982, GenBank had amassed approximately 500,000 bases, and this number grew to 

around 10 million by 1986 (GenBank and WGS Statistics; 

https://www.ncbi.nlm.nih.gov/genbank/statistics/). 

Table 1: The key differences between Sanger and Maxam methods 

Method Principle Advantages Disadvantages References  

Sanger-

Coulson 

Uses chain 

termination 

Simple, 

relatively 

inexpensive 

Low 

throughput, 

error-prone 

(Sanger et al., 

1977). 

Maxam-

Gilbert 

Uses 

chemical 

cleavage 

High 

throughput, 

more accurate 

More complex, 

toxic chemicals 

(Maxam & Gilbert, 

1977). 

1.3.2 Next Generation Sequencing 

In the 1980s and 1990s, several research teams investigated alternatives to 

electrophoretic sequencing. Although the results of these efforts did not become apparent 

until after the Human Genome Project (HGP), a new method called \"massively 

parallel\" or \"next generation\" DNA sequencing (NGS) emerged, nearly surpassing 

Sanger sequencing within a decade of its completion replaced. The main difference 

between NGS technology and electrophoretic sequencing is multiplexing. In NGS, a 

complex library of DNA templates is securely fixed on a two-dimensional surface rather 

than using separate tubes for each reaction. This arrangement makes all templates 

accessible from a single reagent volume. Additionally, in vitro amplification creates 

duplicates of each template for sequencing, eliminating the need for bacterial cloning. 

Finally, the sequencing process, often referred to as “sequencing by synthesis,” involves 

biochemical cycles such as: For example, polymerase-mediated incorporation of 

fluorescently labeled nucleotides and imaging, rather than measurement of fragment 
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lengths (SBS) (Harris et al., 2008), in vitro clonal amplification was largely responsible 

for dense multiplexing of NGS with millions to Billions of immobilized templates were 

made possible. Primers immobilized on a surface are used to amplify a complicated 

template library such that copies of each template remain in close proximity to one 

another. This method is called polonies or bridge reinforcement (Adessi et al., 2000). In 

clonal emulsion PCR, multiple copies of a template are immobilized on beads before 

they are arranged on a surface and sequenced (Dressman et al., 2003; Margulies et al., 

2005). Clonal “nanoballs” can be generated, assembled, and sequenced in solution using 

a third method called rolling circle amplification (Drmanac et al., 2010). The SBS used a 

total of three different primary tactics. Pyrosequencing is a technique developed by 

Ronaghi and Nyrèn. It involves the sequential addition of each deoxynucleotide in 

different steps (dNTP). When the firefly luciferase enzyme incorporates 

deoxyribonucleotide triphosphates (dNTPs) into a substrate, it releases pyrophosphate as 

a byproduct. Pyrophosphate is then used by firefly luciferase to produce light (Ronaghi 

et al., 1996). An ion-sensitive field effect transistor can be used in a similar manner as 

previously described to detect natural dNTP internals. Sequence-specific binding of 

fluorescent oligonucleotides to templates can also be achieved by using a second method 

that takes advantage of the specificity of DNA ligases (Brenner et al., 2000; Drmanac et 

al., 2010; McKernan et al., 2009; Shendure et al., 2005). Stepwise integration of 

fluorescently labeled deoxynucleotides via the action of polymerase is a third method 

and has been shown to be the most reliable (Braslavsky et al., 2003; Mitra et al., 2003). 

The success of single-stranded DNA synthesis using polymerase was largely achieved 

through the creation of dNTPs that could terminate and reversibly fluoresce. In addition, 

a specially designed polymerase was developed to ensure that each template only 

incorporates one dNTP per cycle. After imaging to identify the color integrated by each 

template on the surface, both blocking and fluorescent groups were removed to prepare 

for the next expansion step (Ruparel et al., 2005). This basic technique was used by 

Solexa, developed by Balasubramanian and Klenerman in 1998. In 2005, the first fully 

integrated NGS platforms were introduced with the resequencing of the Escherichia coli 

genome by Shendure, Porreca, Mitra and Church (Shendure et al., 2005), the de novo 

assembly of the Mycoplasma genitalium genome by Margulies, Rothberg and 454. 
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Solexa54's resequencing of PhiX174 and a human BAC showed that even very short 

reads can be helpful, as long as there is a reference genome to assign them to. Re-

sequencing of the human genome on the Solexa platform using paired 35 base pair reads 

could be possible within the next three years (Bentley et al., 2008). 

The first commercial NGS instrument was made available for purchase by 454, 

Inc. in 2005. With the completion of the HGP, only a select number of genomic centers 

were able to perform large-scale sequencing. Individual labs were able to immediately 

access the power of an entire HGP-era genome center once they had access to 454 and 

other competing devices that came soon after. The development of new DNA sequencing 

technologies has led to a democratization of sequencing functions, meaning more people 

and organizations have access to these technologies. This has had a dramatic impact on 

the field of genomics, leading to the emergence of new methods, insights, genomes, and 

other breakthroughs (Brenner et al., 2000). Historically, Applied Biosystems has had a 

monopoly on DNA sequencing technologies. However, with the development of new 

technologies, a number of companies have entered the market, including 454, Solexa, 

Agencourt, Helicos, Complete Genomics and Ion Torrent (Braslavsky et al., 2003; 

McKernan et al., 2009). These companies face fierce competition, which has driven 

down the cost of DNA sequencing. 

The cost per base of sequencing DNA decreased by four orders of magnitude 

between 2007 and 2012 (Lindor et al., 2017). This makes DNA sequencing much more 

affordable, opening up new opportunities for research and applications. The 454, SOLiD 

and Helicos platforms are no longer being developed and the Illumina platform is the 

dominant one. However, Complete Genomics is still a possible rival (Drmanac et al., 

2010). Since 2012, the pace of innovation has slowed, resulting in less competition. 

Nevertheless, it is noteworthy to consider the significant advances that have been made 

since the introduction of next-generation sequencing (NGS) in 2005. Although NGS read 

lengths are still shorter than those of Sanger sequencing and are typically a few hundred 

bases, they are still very precise, often exceeding 99.9 percent accuracy. Remarkably, a 

single graduate student using just one instrument, such as an Illumina NovaSeq, and 

investing a few thousand dollars can generate over a billion independent reads in just 

two days. This accumulation amounts to one terabase of sequence data and can be 
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achieved at relatively low cost. To put this into perspective, this production is almost 40 

times larger than the estimated 23 gigabases produced by the Human Genome Project 

(HGP) to draft the human genome. 

1.4 Application of Next Generation Sequencing in Clinical Microbiology 

Public health clinical and microbiology laboratories are increasingly integrating 

next-generation sequencing (NGS) technology into their workflows and current 

diagnostic cycles due to rapid advances in NGS technologies. Microbiology laboratories 

in clinical and public health settings play a critical role in mitigating the impact of 

infectious diseases. Their main function is to identify and classify pathogens present in 

infected individuals or in the community. The use of next-generation sequencing has the 

potential to support clinical and public health decision-making by identifying the 

etiological agent of infectious diseases as well as the epidemiology and evolution of 

various pathogens in both hospitals and the community (Sintchenko & Holmes, 2015). 

Next-generation sequencing (NGS) is increasingly recognized as a preferred method in 

bacteriology due to its numerous advantages in identifying and classifying pathogens 

present in infected individuals, multilocus sequence typing (MLST), serotyping and 

virulence factor profiling as well Genes for antimicrobial resistance and outbreaks 

provides investigation. 

1.4.1 Multilocus Sequence Typing (MLST) 

The field of molecular epidemiology uses sequence typing of bacterial infections 

to track the spread of bacteria and identify outbreaks. Sanger sequencing, a method of 

DNA sequencing, was used in early gene-based approaches to typing bacterial isolates to 

sequence amplicons from a small set of loci or genetic regions. These approaches, 

including multilocus sequence typing (MLST), can be used to identify the genetic 

makeup of a bacterial isolate and compare it to other isolates. This information can be 

used to track the spread of bacteria and identify outbreaks (Maiden et al., 1998). Next-

generation sequencing (NGS) has made it more practical to sequence complete bacterial 

genomes for typing purposes rather than relying on small numbers of amplicons (Hyytiä-

Trees et al., 2007; Jackson et al., 2015; Maiden et al., 2013). Even higher resolution 

typing is possible with whole genome-based typing approaches such as Core Genome 
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MLST (cgMLST), Whole Genome MLST (wgMLST) and Average Nucleotide Identity 

(ANI) (Cody et al., 2013; Jolley et al., 2012). Although next-generation sequencing 

(NGS) is now available, determining sequence type (ST) is often still the first step in the 

analysis of bacterial isolates. Researchers and epidemiologists continue to rely on 

traditional MLST systems due to the large amount of legacy ST information collected 

from numerous surveys over the years (Goris et al., 2007; Katz et al., 2009).  

It requires significant time and computational power to type bacterial isolates 

based on their genes, using current approaches to examine complete genome sequence 

data. The use of stringMLST was introduced, a method for rapid characterization of 

bacterial isolates from genome sequence data using k-mers. The advantages of 

stringMLST lie in the fact that it requires no assembly or alignment, requires very little 

memory, has a small code base, and can be installed quickly and easily (Katz et al., 

2009). It can be used with either pre-existing MLST schemes or user-created, 

customized typing schemes, including those with scores (rMLST) or hundreds 

(cgMLST) of loci for larger scale analysis. The performance and correctness of 

stringMLST was tested by running it on a huge collection of sequence reads from entire 

bacterial genomes along with the corresponding ST information (Desoubeaux et al., 

2016). 

1.4.2 Serotyping 

For more than 50 years, serotyping has been the backbone of E. coli infection 

surveillance in the public health system. Researchers can now identify epidemics and 

further subdivide each serotype using DNA testing. The latest generation of sequencing 

technology is an advance as it allows the laboratory to determine the bacterial species, 

serovar and subtype with a single analysis (Fratamico et al., 2016). 

1.4.3 Antimicrobial Resistance and Virulence Factors 

The identification and characterization of virulence factors, especially toxins, and 

antibiotic resistance markers of pathogens is crucial for the study of bacterial 

pathogenesis and their interactions with the host, as well as for the development of new 

treatments, vaccines and molecular diagnostic tools (Klein & Hultgren, 2020) 



9 

Furthermore, knowing which markers indicate virulence or resistance can improve 

outbreak control and therapeutic intervention. Multi-resistant (MDR) bacteria have 

become increasingly common in recent years and pose a threat to public health 

worldwide. All common medications are ineffective against multi-resistant bacteria 

(MDR). These include “last resort” antibiotics such as imipenem and colistin (Exner et 

al., 2017). Infections can be caused by a variety of MDR bacteria, including methicillin-

resistant Staphylococcus aureus (MRSA), Enterobacteriaceae, Acinetobacter, and 

Pseudomonas species (Reffuveille et al., 2014). Deciphering the resistome of a 

bacterium has become necessary to understand resistance pathways, predict resistance 

phenotype, enable effective infection control, improve antibiotic therapy and patient 

care, develop polymerase chain reaction (PCR) tests to diagnose resistance-inducing 

genes or mutations, and to identify targets for novel drugs and prior to the use of bacteria 

that can be used as probiotics (Sintchenko & Holmes, 2015). 

Bacteria can develop resistance to antibiotics through various mechanisms, 

including production of antibiotic-modifying enzymes, structural changes to the 

antibiotic target that prevent drug binding, membrane impermeability, and 

overexpression of efflux systems (Darby et al., 2022). Genome sequencing can be used 

to determine which MGEs propagate acquired resistance mechanisms such as plasmids, 

transposons and integrons (Fratamico et al., 2016). 

Genome sequencing, or the systematic molecular sampling of a set of genes, led 

to the discovery that molecular cloning and/or mutagenesis play a role in disease 

(Waterston et al., 2002), but previously the detection of virulence factors relied on 

biochemical approaches. Pathogenic effects of extracted toxins or other virulence factors 

from bacteria are studied in vivo or in vitro (Devi et al., 2016). Molecular methods 

include the study of virulence genes through mutagenesis, cloning and expression in 

non-pathogenic strains (often E. coli) (Hendriksen et al., 2019). Over the past two 

decades, genomics and functional analyzes (transcriptomics and proteomics) have 

significantly increased the frequency with which virulence factors are identified. 

Homology searches for known virulence genes, matching strains with differential 

virulence, and analyzes of horizontally acquired genes can all be used to categorize 

bacterial virulence components in genomes (Bakour et al., 2016). 
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1.4.4 Outbreaks Investigation 

Next-generation sequencing (NGS) technologies have revolutionized our 

approach to understand the infectious disease epidemics, which allows a comprehensive 

genetic investigation (Berry et al., 2020). The transition from pathogen-specific genome 

sequencing methods to more universal protocols represent a significant advancement in 

the field (Frey & Bishop-Lilly, 2015). This evolution has remarkably enhanced our 

understanding of the disease transmission dynamics, and extending it from hospital 

settings to broader communities. However, the integration of NGS into the routine 

clinical microbiology practice has several challenges, which include the absence of 

FDA-approved protocols, that requires systematic laboratory validation processes, 

financial limitations linked to non-reimbursable tests, and the need for specialized 

training in complex data analysis techniques (Cepas & Soto, 2020).  

1.5 Bioinformatics Tools 

Next Generation Sequencing (NGS) technologies provide rapid and reliable high-

throughput methods for detecting the precise order of nucleotides contained in DNA and 

RNA molecules (Liu et al., 2012). al Since the development of more advanced 

sequencing methods, the identification of nucleic acid sequences has become a tool that 

is indispensable in almost all areas of biological science. As a direct result, the branch of 

science known as bioinformatics is at the forefront of both the interpretation and use of 

these biological data sets. Biological information at the molecular, cellular and genomic 

levels can be organized, analyzed and interpreted using tools developed in the field of 

bioinformatics. These tools use mathematical and statistical approaches implemented by 

a variety of programming languages. In diagnosis, medical treatment and 

epidemiological research (Blekherman et al., 2011). In this project, we relied on three 

main steps for the molecular characterization of the clinical E. coli samples: quality 

control, assembly and profiling. 

1.5.1 Quality Control  

One of the challenges of NGS is that the data can be noisy and difficult to 

interpret. This is because NGS generates millions of short reads and each read can 
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contain errors. Therefore, it is important to perform quality control (QC) on NGS data 

before it can be analyzed (Zhou et al., 2014). QC is the process of assessing the quality 

of NGS data and identifying potential errors. This information can then be used to filter 

out low-quality data and improve the accuracy of downstream analysis. A number of QC 

tools are available for bacterial NGS analysis. These tools typically assess a variety of 

parameters, including read length, base quality, GC content, and overrepresented 

sequences (Guo et al., 2014). Some tools also offer advanced features, such as: B. the 

ability to identify and remove contaminants, like Cutadapt. QC for NGS data typically 

involves a number of steps, including: 

● Assessing the quality of the raw reads 

● Trimming low-quality reads 

● Removing contaminants 

● Aligning the reads to a reference genome 

● Calculating metrics to assess the quality of the assembly 

A number of bioinformatics tools are available to perform quality control on NGS 

data. These tools vary in their capabilities and performance, and the best tool for a 

particular project depends on the researcher's specific needs. The best way to choose a 

QC bioinformatics tool is to consider the specific needs of the project. If the research is 

only interested in assessing the quality of the raw data, a tool like FastQC might be a 

good choice. If interested in reducing low-quality readings and removing contaminants, a 

tool like MultiQC may be a better choice. If it is needed to align reads to a reference 

genome and calculate metrics to assess the quality of the assembly, then a tool like Pilon 

may be a good choice. It is also important to consider the features of different tools. 

Some tools have features not available in others, such as the ability to align reads to a 

reference genome or calculate metrics to assess the quality of the assembly. 
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Table 2: A Comparative Analysis of Quality Control Bioinformatics Tools for NGS Data 

Tool Capabilities Performance Features References 

FastQC Can assess the quality 

of raw reads, trim low-

quality reads, and 

remove contaminants. 

Fast Can be 

used with a 

variety of 

NGS 

platforms 

(Guo et 

al., 2014). 

MultiQC Can provide a 

graphical overview of 

the results of multiple 

QC tools 

Fast Can be 

used with a 

variety of 

NGS 

platforms 

(Ewels et 

al., 2016) 

Pilon Can align reads to a 

reference genome and 

calculate metrics to 

assess the quality of the 

assembly 

Slow Can be 

used with a 

variety of 

NGS 

platforms 

(Walker et 

al., 2014) 

BWA Can align reads to a 

reference genome 

Fast Can be 

used with a 

variety of 

NGS 

platforms 

(Li & 

Durbin, 

2009) 

LAST Can align reads to a 

reference genome 

Fast Can be 

used with a 

variety of 

NGS 

platforms 

(Altschul 

et al., 

1990) 
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1.5.2 Genome Assembly 

Assembly bioinformatics tools play a critical role in analyzing NGS data, 

enabling the reconstruction of complete or near-complete genomes from short sequence 

reads (Wee et al., 2019). In this section, there will be evaluation of several widely used 

assembly bioinformatics tools, including SPAdes, Skesa, Velvet, IDBA-UD, and 

MEGAHIT, highlighting their key features, algorithms, and performance metrics. The 

underlying methods, advantages, limitations and recommended use cases will be 

addressed.   

The assembly tools are instrumental in converting short sequence reads obtained 

from NGS platforms into longer contiguous sequences, known as contigs, which can 

then be further analyzed for genome annotation, comparative genomics, and other 

downstream analyses (Wee et al., 2019).  

These tools use a variety of algorithms to assemble short DNA reads into a complete 

genome. Some of the most common algorithms used for assembly include: 

● De Bruijn graph assembly 

● Iterative assembly 

● Hierarchical assembly 

De Bruijn graph assembly is an assembly method that uses a graph to represent 

the relationships between short reads. The graph is created by connecting reads that 

share common sequences. Once the graph is created, it can be traversed to find the 

complete genome (Compeau et al., 2011). 

Iterative assembly is an assembly method that uses a series of steps to assemble 

the genome. In the first step, the reads are aligned to a reference genome. In the second 

step, the reads that do not match the reference genome are merged. In the third step, the 

assembled sequences are aligned again with the reference genome. This process is 

repeated until the genome is complete (Hitch & Creevey, 2018). 

Hierarchical assembly is an assembly method in which the genome is assembled 

at multiple levels. At the first level, the reads are assembled into contigs, which are short 

sequences that are likely part of the same gene. At the second level, the contigs are 
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assembled into scaffolds, which are longer sequences that are likely part of the same 

chromosome. At the third level, the scaffolds are assembled into the complete genome 

(Miller et al., 2010). 

Table 3: compares some of the most popular assembly bioinformatics tools. The table 

provides information about the tools' features, performance, and capabilities. 

Table 3: Evaluating the Effectiveness of Different Genome Assembly Software Tools 

Tool Capabilities Performance Features References 

ABySS Can assemble 

DNA sequences 

from short reads, 

even with high 

error rates 

Fast Can assemble 

large genomes 

(Simpson et 

al., 2009) 

CLC 

Genomics 

Workbench 

Can assemble 

DNA sequences 

from short reads, 

and can also 

perform other 

bioinformatics 

tasks such as 

annotation and 

visualization 

Slow Can assemble 

large genomes, 

and has a user-

friendly 

interface 

(Huszar et al., 

2021) 

Flye Can assemble 

DNA sequences 

from short reads, 

and is 

particularly good 

at assembling 

large genomes 

Fast Can assemble 

large genomes, 

and is open 

source 

(Wick & Holt, 

2019) 

IDBA-UD Can assemble 

DNA sequences 

from short reads, 

and is 

particularly good 

at assembling 

genomes with 

repetitive 

sequences 

Slow Can assemble 

large genomes, 

and is open 

source 

(Peng et al., 

2012) 
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Table 3: Evaluating the Effectiveness of Different Genome Assembly Software Tools 

(continued) 

Tool Capabilities Performance Features References 

BLAST Can assemble 

DNA sequences 

from short reads, 

and is 

particularly good 

at assembling 

genomes with 

low error rates 

Fast Can assemble 

small 

genomes, and 

is open source 

(Altschul et 

al., 1990) 

MEGAHIT Can assemble 

DNA sequences 

from short reads, 

and is 

particularly good 

at assembling 

genomes with 

high error rates 

Fast Can assemble 

large genomes, 

and is open 

source 

(Li et al., 

2015) 

Mr. Bayes Can assemble 

DNA sequences 

from short reads, 

and uses a 

Bayesian 

approach to 

assembly 

Slow Can assemble 

large genomes, 

but is not as 

fast as some 

other tools 

(Huelsenbeck 

& Ronquist, 

2001) 

Oases Can assemble 

DNA sequences 

from short reads, 

and uses a de 

Bruijn graph 

approach to 

assembly 

Slow Can assemble 

large genomes, 

but is not as 

fast as some 

other tools 

(Schulz et al., 

2012) 
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Table 3: Evaluating the Effectiveness of Different Genome Assembly Software Tools 

(continued) 

Tool Capabilities Performance Features References 

PEAR Can assemble 

DNA sequences 

from short reads, 

and is 

particularly good 

at assembling 

genomes with 

repetitive 

sequences 

Slow Can assemble 

large genomes, 

and is open 

source 

(Zhang et al., 

2014) 

SPAdes Can assemble 

DNA sequences 

from short reads, 

and is 

particularly good 

at assembling 

genomes with 

low error rates 

Fast Can assemble 

large genomes, 

and is open 

source 

(Bankevich et 

al., 2012) 

 

There are a number of factors to consider when selecting an assembly 

bioinformatics tool for NGS bacterial analysis (Almeida & De Martinis, 2019). These 

factors include: 

The size of the genome: The genome size significantly impacts the choice of the 

assembly tools. The tools differ in their ability and suitability to assemble small versus 

large genomes. In general, small genomes, having fewer repetitive sequences, are easier 

to assemble when compared to large genomes where these repeats may have greater 

assembly challenges. 

The quality of the reads: The read quality is a crucial factor in selecting an 

assembly tool. The assembly tools differ in their sensitivity to read errors, which can 

lead to a complication during the genome assembly. Errors may cause mis-assembly, 

leading to inaccurate genome assembly outcomes. 

The desired output: When selecting an assembly tool, it is important to know the 

desired output. Although some tools can generate a single assembly, others can produce 
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multiple assemblies. In general, a single assembly is usually ideal for a comprehensive 

genome overview. Nevertheless, multiple assemblies can be as well beneficial in 

identifying regions of the genome that are challenging to assemble. 

The computational resources available: When choosing an assembly tool, a 

researched needs to consider the computational resources available in a particular 

setting. Some of the tools require more computational power than others, making it 

essential to select a tool that matches with your specific needs.  

1.5.3 Species Identification and Closest Reference Detection 

There are several bioinformatics tools available for NGS bacterial identification 

and closest reference detection. Some of the most popular tools include (Ma & Zhang, 

2010): 

The popular web-based tool Bactinspector: It utilizes methods like BLAST, 

Kraken, and Centrifuge for bacterial identification from NGS data. While it is very 

effective, this web-based tool may execute very slowly with large datasets. 

The algorithm of Bactinspector works by dividing the NGS data into overlapping 

windows. Then, it generates a profile for each window, which represents the nucleotide 

distribution. Afterwards, these profiles are compared against known organisms in a 

database. The identification is based on the organism with the closest matching profile. 

Bactinspector is highly effective and more accurate than other tools which relies 

only on BLAST or Kraken for identifying bacteria across various organisms. However, it 

is slower in detecting contamination, and it can take several hours to analyze large 

datasets. Regardless, it still remains a user-friendly and accessible tool, where the upload 

of NGS data and the result retrieval processes are very easy. In addition, Bactinspector is 

free to use for contamination detection. 

Bactinspector uses different tools for bacterial identification and reference 

genome detection: 

BLAST: A tool for DNA sequence comparison, useful to identify the closest 

reference genome (Ma & Zhang, 2010). 
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Centrifuge: This tool uses different algorithms for bacterial identification at the species 

level and able to find the nearest reference genome (Li et al., 2018). 

Kraken: It applies a probabilistic method for bacterial species-level identification 

(Lu et al., 2022).  

MetagenomicsDB: A database of NGS bacterial genomes which helps in 

reference genome identification (Bragg & Tyson, 2014). 

SILVA: it is very similar to MetagenomicsDB, a database for identifying the 

closest reference genome (Quast et al., 2013). 

All these tools work by comparing the DNA sequence of a bacterium to those 

available in all databases, in order to identify the most similar sequence. Every tool has 

its own advantages: BLAST is fast but may be less accurate, Centrifuge is accurate but 

slower, and Kraken combines both speed and accuracy but it requires large genome 

database. MetagenomicsDB and SILVA are valuable databases for reference genome 

identification. 

1.5.4 Contamination Detector Tools 

NGS data are prone to contamination with DNA from other organisms, 

potentially can lead to false positives in the identification and reference detection. To 

reduce and eliminate this possibility, it is crucial to use contamination detection 

bioinformatics tools to identify and eliminate such possible contamination. There are 

several popular tools for this purpose which include Confinder, Kraken 1, and Kraken 2, 

each one has its unique strengths and weaknesses. It is really important to select the most 

suitable tool which match the specific needs (Lu et al., 2022). 

1.5.4.1 Confinder  

It is a contamination detection tool for NGS data, it uses a probabilistic approach 

which is suitable for a wide range of organisms. The algorithm works by dividing the 

NGS data into overlapping windows, then creating a nucleotide distribution profile for 

each, followed by comparing these profiles with the known organisms in a database. The 

organism whose profile closely matches is identified as the probable contaminant.   
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1.5.4.2 Kraken 1 

It is another contamination detection tool for NGS data, which utilize a 

probabilistic method known to be effective against a large database of known organisms. 

The process starts with segmenting the NGS data into overlapping windows, then 

creating a k-mer signature for each window, followed by comparing these signatures 

with those of known organisms in a database. The organism with the most closely 

matching k-mer signatures is identified as the likely contaminant.  

1.5.4.3 Kraken 2 

Kraken 2 is an updated version of the Kraken 1, which offers an enhanced 

accuracy and capabilities in detecting contamination from a wider range of organisms in 

NGS data. The work process is similar to that of the Kraken 1. This updated version 

makes Kraken 2 a more effective tool to ensure the purity and reliability of NGS data 

analysis. 

Overall, the three tools are considered potential in detecting the contamination 

from the NGS data. While, Confinder excels with the accuracy across a diverse range of 

organisms. Both the Kraken 1 and Kraken 2 are reliable since they are using an extensive 

database of known organisms. In addition, Kraken 2 exceeds Kraken 1 in its accuracy 

and it can identify contaminants from an even wider variety of organisms. The choice 

between these tools heavily depends on the user's specific requirements.  

1.6 The Global Crisis of Antibiotic Resistance 

The discovery of antibiotics in the 20th century served as a medical revolution, 

which significantly reduce the rates of infectious disease and saved lives (Mohr, 2016). 

These drugs allowed the effective treatment of previously deadly diseases, which lead to 

longer lifespans and better public health. However, the years of overuse and misuse of 

antibiotics have led to an increased resistance in all the bacterial species, in this part, we 

will focus particularly on E. coli (English & Gaur, 2010). E. coli, for instance, has 

developed resistance to carbapenem antibiotics, which is often used as a last resort, 

limiting the possible treatment options and increasing the risk of severe infections (Liang 

et al., 2018). This alarming trend highlights the urgency for responsible antibiotic usage 
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and strong research into finding new drugs and treatment alternatives, to prevent a 

potential relapse to an era where even minor infections posed significant threats. 

The problem of antibiotic resistance is international and the global use and misuse of 

antibiotics has reduced the number of effective medicines. More than 50% of bacteria in 

southern Europe are resistant to antibiotics; For the USA this figure is 25% and for 

Kenya it is 60%, although regional comparisons such as this are difficult. The problem 

has become so serious that resistance to major pathogens in the hospitals of many 

developed countries is so high that effective treatment is virtually impossible. In many 

developing countries, the cost of antibiotics means that the cheapest drug is usually the 

first choice. This often leads to the choice of a broad-spectrum antibiotic, and 

uncontrolled use of these antibiotics is common. Impacts in individually wealthy 

countries are reflected in global consumption, and a dramatic example of a lower middle 

income country that has seen a dramatic rise in resistance is India (Mancuso et al., 2021; 

Tiri et al., 2020; Urban-Chmiel et al., 2022). 

1.7 Enterobacteriaceae 

Enterobacteriaceae, belonging to the order of Enterobacter, is a large and diverse 

group of rod-shaped, Gram-negative, facultative anaerobic bacteria. This family includes 

different genera such as Escherichia, Citrobacter, Enterobacter, Klebsiella, Salmonella, 

and Shigella. They are all characterized by being catalase-positive and oxidase-negative, 

these bacteria are abundant, found in the intestinal flora of most animals, including 

humans, and are also present in water, soil, and plants (Janda & Abbott, 2021). While 

some members play a crucial role in gut health by aiding digestion and nutrient 

absorption, others can become opportunistic pathogens causing infections ranging from 

urinary tract issues to severe bloodstream infections. The adaptability of 

Enterobacteriaceae, especially in acquiring antibiotic resistance, poses significant 

challenges in healthcare settings, emphasizing the importance of responsible antibiotic 

use and continuous research to manage these ever-evolving threats effectively. Studying 

this family is important for understanding their complex biology and developing 

strategies to balance their beneficial and harmful impacts (Bennett et al., 2010; Hong 

Nhung et al., 2007).  
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1.8 Pathogenic Strains of Escherichia Coli  

Escherichia coli was discovered by Theodor Escherich in 1885, E. coli is a Gram-

negative, rod-shaped, facultative anaerobic bacterium, predominantly found in the 

human and animal intestinal tract (Escherich, 1988). Despite the low abundance in the 

healthy human microbiome (around 0.1%), E. coli is one of the first species to colonize 

infants' digestive systems and is present in over of 90% of the adult population 

(Huttenhower et al., 2012); Tenaillon et al., 2010; (Secher et al., 2016). While most 

strains of E. coli are harmless, contributing to gut health by producing B-complex 

vitamins and vitamin K2, nine pathogenic strains have been documented to cause 

illnesses, particularly in individuals with weakened immune systems or compromised 

gastrointestinal barriers (Mellies et al., 2001; Bentley & Meganathan, 1982). 

These pathogenic strains, can cause diseases which range from diarrhea to 

extraintestinal illnesses like hemolytic uremic syndrome, include Enteroaggregative E. 

coli (EAEC), Enterohaemorrhagic E. coli (EHEC), Enteroinvasive E. coli (EIEC), 

Enteropathogenic E. coli (EPEC), Diffusely adherent E. coli (DAEC), Enterotoxigenic E. 

coli (ETEC) and Adherent-Invasive E. coli (AIEC). In particular, EHEC has been linked 

to severe outbreaks as a foodborne pathogen (Yang et al., 2017). The pathogenicity of 

these E. coli strains is because of a range of virulence factors encoded by genetic 

variants, enabling them to exhibit diverse behaviors such as adhesion, invasion, and 

toxin production (Wu et al., 2008). Each E. coli pathotype possesses distinct 

pathogenicity mechanisms, as well as a distinct profile of virulence components that are 

encoded by distinct gene clusters. An array of behaviors, including adhesion, invasion, 

attachment, iron uptake, motility, and toxin activity, may be encoded by genes linked to 

pathogenicity. These virulence factors, usually encoded on chromosomes or mobile 

genetic elements like plasmids, which makes E. coli a significant concern in public 

health, underlining the need for continuous monitoring and research into this adaptable 

and potentially dangerous bacterium. 
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Figure 1: Pathogenic E. coli Strains Emerge by Acquiring Genetic material. 

The pathogenicity mechanisms of E. coli have been extensively studied due to 

their role in intestinal and extraintestinal diseases. For example, enteroaggregative E. 

coli (EAEC) is known to cause diarrhea and is common in AIDS patients (Peng et al., 

2024). Its pathogenesis involves attachment to intestinal cells, formation of biofilms and 

secretion of toxins, regulated by AggR factor. Likewise, enterohemorrhagic E. coli 

(EHEC) cause severe symptoms such as hemorrhagic colitis and have been linked to 

various outbreaks (Sharma et al., 2020). Its virulence is largely due to Shiga-like toxins 

(SLTs), which cause cellular damage and can lead to diseases such as hemolytic uremic 

syndrome (Sharma et al., 2020). Enterotoxin E. coli (ETEC), a major diarrhea pathogen 

in developing countries, attaches to intestinal cells and releases toxins that lead to fluid 

loss and diarrhea. ETEC's enterotoxins, both heat-labile and heat-stable, disrupt normal 

cellular functions and result in secretory diarrhea (Stephen, 2001). Enteroinvasive E. coli 

(EIEC), similar to Shigella, cause dysentery-like symptoms. It invades and multiplies in 

intestinal cells, which is facilitated by a large virulence plasmid encoding various 

proteins essential for its pathogenicity (Ud-Din & Wahid, 2014). Diffuse adherent E. coli 

(DAEC) is associated with diarrhea in young children and various intestinal diseases in 

adults. Its pathogenesis involves adhesion to host cells mediated by specific adhesins, 



23 

and it can secrete toxins that contribute to inflammation and tissue damage (Segura & 

Garcia, 2016). Adherent invasive E. coli (AIEC), often associated with inflammatory 

bowel diseases such as Crohn's disease, attaches to and invades intestinal epithelial cells. 

It lacks specific virulence factors found in other E. coli pathotypes but can still cause 

significant inflammation and damage to the intestinal mucosa. In this chapter, the 

discussion will be exclusively about the beta-lactam antibiotics (Palmela et al., 2018).  

1.9 Antibiotics: Mechanism and Resistance 

Antibiotic resistance in bacteria can be understood in two ways: firstly, through 

laboratory analysis known as "microbiological resistance" and secondly through 

observing how bacteria respond to treatment in actual patients, referred to as "clinical 

resistance." The laboratory method identifies specific resistance genes, classifying 

bacteria as resistant or not based on specific criteria. On the other hand, the clinical 

approach focuses on the effectiveness of antibiotics in treating infections in patients, 

considering the real-world outcomes rather than just relying on lab findings (MacGowan 

& Macnaughton, 2017). 

The discovery of antibiotics in the 20th century revolutionized medicine by 

drastically reducing deaths from bacterial infections. These drugs, once hailed as 

"miracle drugs," have saved countless lives. However, over time, some bacteria have 

evolved into forms highly resistant to most antibiotics, known as multi-drug resistant 

(MDR) and extensively drug-resistant (XDR) Enterobacteriaceae, or “superbugs” 

(Venezia et al., 2017). These resilient bacteria present a significant challenge in 

treatment, highlighting the urgent need for new strategies in battling resistant infections. 

The rise of MDR and XDR Enterobacteriaceae poses a severe threat to public 

health, often leading to more prolonged hospital stays, increased medical costs, and 

higher mortality rates. Key factors contributing to this problem include the overuse and 

misuse of antibiotics, which accelerates the development of resistance (English & Gaur, 

2010), the transmission of resistant bacteria, particularly in healthcare environments 

(Rao, 1998), and a slowdown in the development of new antibiotics, complicating the 

treatment of infections caused by these resistant bacteria (Falagas et al., 2008). 
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1.10 Classes of Antibiotics and Their Mechanism of Action 

Antibiotics, derived from microorganisms, function to hinder the growth of 

competing microbes in the same environment. These substances have been adapted for 

medical use, often undergoing modifications or even total synthesis, as seen with drugs 

like chloramphenicol. Depending on factors like the type of bacteria, the specific 

antibiotic, and sometimes its concentration, antibacterial medications can act as either 

bactericidal (killing bacteria) or bacteriostatic (inhibiting bacterial growth) (Aminov, 

2010). Additionally, antibiotics are categorized based on their mechanism of action, as 

detailed in Table 4 (Murray et al., 2018; Kaufman, 2011). 

Table 4: Main mode of action of antibiotics (Kaufman, 2011) 

Mode of action Examples 

Cell wall synthesis inhibition ß-Lactams, Glycopeptides, Fosfomycin 

Protein synthesis inhibition 
Aminoglycosides, Macrolides, Tetracyclines, 

Chloramphenicol 

Interference with nucleic acid 

synthesis 
Quinolones, Fluoroquinolones, Rifampin 

Disruption of Cell membrane Polymyxins 

Antimetabolites Sulfonamides, Trimethoprim 

 

1.11 Beta-lactam Antibiotics 

Beta-lactam antibiotics are categorized into four main groups: penicillins, 

cephalosporins, monobactams, and carbapenems. These antibiotics are named for their 

defining chemical feature, the beta-lactam ring, as depicted in Figure 2. 
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Figure 2: The Major Groups of Beta-lactam Antibiotics, The green Shade Shows the 

Beta-lactam Structure 

The initial beta-lactam antibiotic, later termed penicillin G, was identified by 

Alexander Fleming in 1928, though its widespread clinical application began in the 

1940s (Banerjee et al., 2010). Penicillins are categorized into several types: i) natural 

penicillins, like penicillin G; ii) penicillinase-resistant penicillins, such as methicillin; iii) 

aminopenicillins, for instance, ampicillin; iv) carboxypenicillins, including ticarcillin; 

and v) ureidopenicillins, like piperacillin, with the last two types also being effective 

against Pseudomonas aeruginosa (Banerjee et al., 2010). 

Cephalosporins, broad-spectrum antibiotics, were initially found as a compound 

from the fungus Cephalosporium acremonium. They are grouped into five generations 

based on their antimicrobial properties, with newer generations generally offering better 

efficacy against Gram-negative bacteria but sometimes reduced activity against Gram-

positive organisms. The third and fourth generations are known as extended-spectrum 

cephalosporins, and those from the fifth generation are effective against methicillin-

resistant Staphylococcus aureus (MRSA) (Craig et al., 2010). 
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Aztreonam, the sole monobactam in clinical use, specifically targets aerobic 

Gram-negative bacteria. While susceptible to hydrolysis by various beta-lactamases, it 

notably resists hydrolysis by metallo-beta-lactamases (MBL) (Craig et al., 2010). 

Carbapenems are known for their resistance to many hydrolytic enzymes and 

have the widest spectrum of antibacterial activity among beta-lactam drugs, effective 

against almost all Gram-negative and Gram-positive bacteria. Common carbapenems 

include imipenem, meropenem, doripenem, and ertapenem (Wallace et al., 2011). 

Beta-lactam antibiotics disrupt bacterial cell wall peptidoglycan synthesis. They 

bind to and inhibit the function of penicillin-binding proteins (PBPs), which include 

transpeptidases, transglycosylases, and carboxypeptidases. PBPs are crucial for cross-

linking peptides between polymer chains of N-acetylglucosamine (NAG) and N-

acetylmuramic acid (NAM), forming a robust peptidoglycan mesh. The interruption of this 

process by beta-lactam antibiotics triggers cell wall autolytic hydrolases, leading to 

bacterial cell death (Craig et al., 2010, Nordmann et al., 2012). 

1.12 Mechanism of Antibiotic Resistance in E. coli 

1.12.1 Reducing Antibiotic Permeability 

Pathogenic E. coli strains uses different strategies to diminish their permeability 

to antibiotics, essentially building barriers to keep these drugs out (Delcour, 2009). These 

strategies include:  

1.12.1.1 Lipopolysaccharide (LPS) Modification 

The outermost layer of the E. coli cell wall, LPS, provides structural integrity and 

protection (Maldonado et al., 2016). E. coli modifies its LPS by adding sugars to the O-

antigen, making the layer denser and reducing antibiotic entry points (Maldonado et al., 

2016). This alteration lessens the permeability to various antibiotics, including 

fluoroquinolones and β-lactams (Maldonado et al., 2016). 

1.12.1.2 Porin Mutations 

Porins are protein channels that regulate molecule passage, including antibiotics 

(Schmid et al., 1998). E. coli mutations can narrow these pores or reduce their abundance, 
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hindering antibiotic entry (Schmid et al., 1998). Such mutations in porins like OmpF and 

OmpC can lead to resistance, especially against cephalosporins (Schmid et al., 1998). 

 

1.12.1.3 Capsule Formation 

Some E. coli can form a polysaccharide capsule, adding another barrier (Cross et 

al., 1988). This capsule limits the diffusion of antibiotics towards the cell (Cross et al., 

1988). Capsules contribute to resistance, particularly against cephalosporins and 

fluoroquinolones. 

1.12.2 Antibiotic Inactivation 

E. coli can deactivate antibiotics before they cause harm, using several 

mechanisms. 

1.12.2.1 Enzymatic Breakdown 

The bacteria produce enzymes to dismantle antibiotic structures (Sykes & Matthew, 

1976). β-lactamases target β-lactams by breaking down their essential structure, conferring 

wide resistance (Wong-Beringer, 2001). Beta-lactamase classes A, B, and D include 

enzymes known as carbapenemases, which possess significant carbapenamase activity. 

Generally, these enzymes are effective against a broad range of beta-lactam antibiotics, 

with a few exceptions (Queenan & Bush, 2007). The characteristics of these enzymes are 

concisely outlined in Table 5, adapted from (Logan & Weinstein, 2017). 
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Table 5: The main features of the different β-lactamases (Logan & Weinstein, 2017) 

Molecular 

class 

Active 

site 
Enzyme type Examples Inhibitors 

A Serine 

Penicillinases 

Broad Spectrum 

TEM1 

SHV1 

Generally susceptible to 

most beta-lactamase 

inhibitors, making 

combinations with these 

inhibitors a potential 

therapeutic approach. 

Extended Spectrum 

ß-lactamases 

(ESBL) 

TEM-derived, 

CTX- derived 

Carbapenemases 

 

KPC-2 

KPC-3 

B Zn2+ 

Metallo-β-

lactamases 

IMP, VIM, 

GIM, NDM 

Their activity can be 

inhibited by chelating 

agents like EDTA. 

C Serine 

Cephalosporinases AmpC-type Their activity can be 

inhibited by cloxacillin 

and 

monobactam 

D Serine 

Oxacillinases 

Broad spectrum 

OXA-family in 

P. aeruginosa 

Their activity can be 

influenced by the 

concentration of sodium 

chloride (NaCl) 
Extended spectrum 

 

OXA-derived 

in 

P. aeruginosa 

Carbapenemases OXA-derived 

in 

Acinetobacter 

 

Metallo-β-lactamases (MβLs, Ambler class B), are enzymes which depend on 

zinc ions, and play a critical role in antibiotic resistance. These enzymes hydrolyze the β-

lactam ring in antibiotics, making them inactive (Nordmann & Poirel, 2002; Bush & 

Johnson, 1998). One of the key MBL types in E. coli include New Delhi metallo-β-

lactamase (NDM), these enzymes can hydrolyze most β-lactams except aztreonam and 

they are not inhibited by commercial β-lactamase inhibitors, instead they are susceptible 

to EDTA and dipicolinic acid. Their spread represents a global healthcare crisis, with 

pan-resistant bacteria emerging (Nordmann & Poirel, 2002; Maltezou, 2009). Since 

2009, NDM-type MBLs have gained international attention, when the blaNDM-1 was 

discovered in a patient treated in India. They are characterized by rapid gene transfer and 

widespread dissemination, today there are more than 40 NDM enzyme variants in 

(Figure 3) mostly originating in Asia. This type of bacteria harboring NDM, usually 
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carry multiple resistance mechanisms, maintaining susceptibility to only a few 

antibiotics like colistin and Fosfomycin (Maltezou, 2009; Nordmann & Poirel, 2014; 

Poirel et al., 2010; Rana et al., 2023; Yong et al., 2009).  

 

 

Figure 3: New Delhi metallo-beta-lactamase (NDM) variants. 

The spread of NDM-producing E. coli is not clone-specific but is usually 

mediated by various plasmids. There are several epidemic clones which have been 

identified carrying NDM-type MBL genes along with other resistance determinants. 

NDM producers are now commonly found in Europe, USA and Canada. NDM-

producing E. coli are becoming more prevalent in Africa and they are endemic in the 

Middle East contributing significantly to carbapenem resistance (Jamal et al., 2016; 

Sonnevend et al., 2015; Yezli et al., 2015) 
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1.12.2.2 Efflux Pumps 

Efflux pumps actively remove antibiotics from the cell, lowering their 

intracellular concentration (Webber & Piddock, 2003). These pumps can expel a variety 

of antibiotics, contributing to multidrug resistance (Webber & Piddock, 2003). 

1.12.3 Target Modification 

E. coli can alter its antibiotic target sites, effectively making the drugs ineffective. 

1.12.3.1 Modifying Key Proteins 

Changes in crucial protein targets, like penicillin-binding proteins and ribosomes, 

impede antibiotic binding (Schaenzer & Wright, 2020). Gene mutations lead to structural 

changes in these proteins, preventing effective antibiotic action (Schaenzer & Wright, 

2020). 

1.12.3.2 Mimicry and Decoys 

E. coli produces decoy molecules, resembling target sites, to bind antibiotics and 

block their action (Kronenberger et al., 2019). Certain strains produce enzymes that 

mimic PBPs, latching onto β-lactams and protecting actual target proteins (Wong-

Beringer, 2001). These sophisticated strategies allow E. coli to resist various antibiotics, 

presenting a challenging scenario in medical treatment and public health. 

1.13 E. coli Lineages Associated with Carbapenem Resistance 

Carbapenem-resistant Escherichia coli (E. coli) lineages have been the focus of 

several studies utilizing whole genome sequencing to identify the most common lineages 

and characterize their virulence factors (Devi et al., 2018). These studies have revealed a 

diverse range of E. coli lineages, with 24 distinct sequence types (STs) identified, 

including clinically important STs such as ST131, ST69, ST95, and ST73 (Devi et al., 

2018). The genomic characterization of E. coli lineages has also highlighted shared 

genetic traits that may be linked to the emergence of carbapenem resistance plasmids 

(Meunier et al., 2017). Specific evolutionary events have been identified in the 

emergence of globally distributed carbapenem-resistant E. coli lineages, particularly 

within phylogroups A and B1, with the Escherichia coli ST410 lineage being a key 

carbapenem-resistant clone (Jaramago et al., 2017). The ST131 lineage of E. coli has 
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been recognized as a high-risk pandemic multidrug-resistant strain, indicating its 

successful emergence and spread (Mohsin et al., 2018). Additionally, the population 

dynamics of the ST131 lineage have been studied in relation to carbapenem antibiotic 

treatment, showing potential impacts on the prevalence of symptomatic urinary tract 

infections (Meunier et al., 2017). The evolution of pathogenic E. coli lineages, including 

carbapenem-resistant clones, is influenced by genetic mutations that contribute to their 

fitness and spread (Liu et al., 2018). The spread of resistance to carbapenems in E. coli 

lineages has been linked to the presence of specific resistance genes, such as New Delhi 

Metallo-β-Lactamase-5 (blaNDM-5), which can be found in multiple-antibiotic-resistant 

strains (Paveenkittiporn et al., 2021). Reports of carbapenem-resistant E. coli in 

companion animals further highlight the cross-border emergence of clonal lineages, 

emphasizing the importance of surveillance and control measures to prevent the spread 

of carbapenem resistance (Jain et al., 2021; Jing et al., 2022).  

Studies revealed that E. coli strains carrying the New Delhi metallo-β-lactamase 

(NDM) gene are often linked to specific sequence types (STs). Among these, ST101, 

ST167, ST131, ST405, ST410, and ST648 are the most commonly reported across 

various countries. ST101 has been identified in 13 different countries, while ST167, 

ST405, and ST410 have been reported in 8 countries each. Other notable STs include 

ST648, present in 5 countries; ST131, found in 4 countries; and ST156, ST448, ST361, 

and ST617, each found in 3 countries. Additionally, ST10, ST38, ST43, ST2659, ST354, 

and ST744 have each been reported in two countries (Li et al., 2023) (Figure 4). 
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Figure 4: Most Common Sequence Types (STs) of New Delhi metallo-β-lactamase 

(NDM)-producing Escherichia coli 

 

In addition, it has been found that NDM gene can recruits mobile genetic elements, such 

as plasmids belonging to different replicon or Inc types (IncFII, IncHI2, IncN, and 

IncX3), insertion sequences (ISAba125, ISCR1), and transposons (Tn125) (Figure 5) 

(Dong et al., 2022). 

 

 

Figure 5: Diversity of NDM-bearing Plasmids in Terms of Replicon Types and Sizes 
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1.14 Using Whole Genome Sequencing for Detecting and Identifying CR-E. coli  

The rise of Carbapenem-resistant E. coli (CR-E. coli) presents a formidable 

challenge in healthcare due to their resistance to key antibiotics. Whole Genome 

Sequencing (WGS) has emerged as a pivotal tool in detecting and understanding these 

pathogens. For instance, a study by (Mate et al., 2014) reported a 30% carbapenem 

resistance rate among Gram-negative bacteria in a North-East Indian hospital. (Meunier 

et al., 2017) utilized WGS to uncover a novel carbapenemase, FRI-2, in Enterobacter 

cloacae isolate. Similarly, (Paveenkittiporn et al., 2021) identified mcr gene-bearing CR-

E. coli in Thailand, with a prevalence in phylogroup C, especially ST410, using WGS. 

This technology has proven crucial in revealing resistance mechanisms in clinical 

samples. For example, (Mohsin et al., 2018) detected the plasmid-mediated colistin 

resistance gene Mcr-1 in an E. coli bloodstream isolate from Oman. (Jain et al., 2021) 

revealed the presence of multiple antibiotic and virulence genes in an extensively drug-

resistant E. coli isolate through WGS analysis. A new blaNDM variant, blaNDM-21, was 

identified by (Bin et al., 2018) in a clinical E. coli isolate. The implications of these 

findings extend beyond human health (Usman et al., 2023) highlighted the co-occurrence 

of Mcr-1 and carbapenem resistance in avian pathogenic E. coli from broiler chickens. 

Understanding the epidemiology and genetic characteristics of carbapenem-resistant 

Enterobacterales is vital for effective infection control, as evidenced by (Jing et al., 

2022) in their multicentre study in Henan, China. In summary, Whole Genome 

Sequencing plays an instrumental role in not only detecting but also providing deeper 

insights into the resistance mechanisms and epidemiological patterns of CR-E. coli. 

Continuous surveillance and research leveraging WGS are essential to address the 

growing threat of carbapenem resistance in healthcare environments. 

The primary aim of this thesis is to apply advanced bioinformatics tools and 

Whole Genome Sequencing to characterize the antibiotic resistance mechanisms in E. 

coli strains. This approach is intended to dissect the intricate genetic patterns and 

variations contributing to resistance, thereby enriching our understanding and enhancing 

the precision of our analyses. Through this focused application of bioinformatics and 

WGS, the goal is to develop more effective and targeted intervention strategies for the 

treatment and management of infections caused by antibiotic-resistant E. coli. This 
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research also aims to make a significant contribution to global efforts in antimicrobial 

resistance surveillance and research, fostering improved and timely clinical and public 

health responses to the challenges posed by antimicrobial resistance. 
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Chapter 2: Methods 

2.1 Bacterial Collection 

This retrospective study involved 14 E. coli isolates, collected between January 

2017 and August 2018 from four hospitals in the Abu Dhabi, UAE. These isolates were 

identified using standard microbiological techniques. For preservation, each isolate was 

stored in duplicate in Tryptic Soy Broth with 10% glycerol at -80°C. Prior to 

experimentation, strains were revitalized by 24-hour incubation on Tryptic Soy Agar at 

37°C. 

2.2 Antibiotic Susceptibility Profile 

Antibiotic susceptibility was evaluated using the VITEK 2 System (bioMerieux), 

following the manufacturer's instructions. Bacterial suspensions were adjusted to a 0.5 

McFarland standard in 0.45% saline, with further dilution achieved by adding 145 µl of 

this suspension to 3 ml of saline. The VITEK 2 system, specifically the AST-N419 card, 

assessed susceptibility to a range of antibiotics, including Cefotaxime, Amikaci, 

Imipenem, Meropenem, Ciprofloxacin, Piperacillin/tazobactam, Ampicillin/ Sulbactam, 

Tigecycline, Gentamicin, Trimethoprim/sulfamethoxazole, Ceftolozane/tazobactam, 

Ceftazidime, Ceftazidime/Avibactam and Cefepime. Susceptibility was determined based 

on Clinical and Laboratory Standards Institute (CLSI) breakpoints. 

Colistin susceptibility was determined using the broth microdilution method. This 

involved serial dilutions of colistin sulphate (Sigma, USA) in Muller Hinton Broth (Oxoid, 

UK) in 96-well microtiter plates (Sarstedt, Nümbrecht, Germany), with bacterial 

inoculation at 10^5 CFU/ml. After incubating for 18 hours at 37°C, the Minimum 

Inhibitory Concentration (MIC) was visually determined as the lowest concentration 

preventing visible growth. Duplicate assays were conducted for all tests, using Escherichia 

coli ATCC25922 as a quality control. 

The classification of the isolates was based on their resistance levels as follows: 

• Extensively Drug-Resistant (XDR): Isolates are classified as XDR if they are only 

susceptible to two or fewer classes of the tested antibiotics. 
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• Multi-Drug Resistant (MDR): An isolate is considered MDR if it shows resistance 

(non-susceptibility) to at least one agent in three or more of the tested antibiotic 

classes. 

• Pan-Drug Resistant (PDR): Isolates are deemed PDR if they exhibit resistance to 

all agents in all antibiotic classes tested. 

2.3 Whole Genome Sequencing 

2.3.1 DNA Extraction for Whole Genome Sequencing 

For the extraction of genomic DNA, the Wizard Genomic DNA Purification Kit 

from Promega, USA, was employed as per the manufacturer's guidelines. Initially, an 

overnight culture in Tryptic Soy Broth was centrifuged at 14,800 rpm for 3 minutes. The 

resultant pellet was then gently resuspended in 600 µl of Nuclei Lysis Solution and heated 

at 80°C for 5 minutes. After cooling to room temperature, 3 µl of RNase Solution was 

added, followed by an incubation at 37°C for 45 minutes. The next step involved adding 

200 µl of Protein Precipitation Solution, vortexing the mixture, and then incubating it on 

ice for 5 minutes. The DNA-containing supernatant was carefully transferred into a clean 

Eppendorf tube, mixed with 600 µl of isopropanol, and centrifuged for another 3 minutes 

at 14,800 rpm. The DNA pellet obtained was washed with 600 µl of 70% ethanol and 

centrifuged for 3 minutes at room temperature at 14,800 rpm. Once the ethanol was 

discarded, the pellet was left to air dry before being redissolved in nuclease-free water. 

The final step involved assessing the extracted DNA's quantity and quality using the ND-

1000 Spectrophotometer from NanoDrop Technologies, USA. 

2.3.2 Whole Genome Sequencing of the isolates 

The extracted genomic DNA was then sequenced on an Illumina NovaSeq 

platform (150 bp paired-end) using a commercial send-out service provided by 

Novogene in the United Kingdom. The JEKESA pipeline 

(https://github.com/stanikae/jekesa) was employed for whole-genome sequencing. To 

analyze our sequencing data, we utilized the Jekesa pipeline. To ensure seamless 

installation and management of dependencies, we created a dedicated conda environment 

within our Ubuntu operating system. This environment effectively isolated Jekesa and its 

https://github.com/stanikae/jekesa
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required packages, preventing potential conflicts with other software on the system. By 

leveraging the flexibility of conda, we were able to install Jekesa and its dependencies 

with ease, streamlining our bioinformatics analysis workflow. Briefly, Trim Galore 

v0.6.2 (https://github.com/FelixKrueger/TrimGalore) was used to filter the sequence 

reads This is usually based on Phred quality scores, de novo assembly was performed 

using SPAdes v3.13.2 (https://github.com/ablab/spades),the assemblies were polished 

and optimized using Shovill v1.1.0 (https://github.com/tseemann/shovill), and sequence 

typing was done using the multilocus sequence typing (MLST) tool v2.16.4 

(https://github.com/tseemann/mlst). QUAST v5.0.2 (http://quast.sourceforge.net/quast) 

was used to determine assembly metrics such as GC content and number of contigs and 

N50. CARD (Comprehensive Antibiotic Resistance Database) was used for 

antimicrobial resistant genes analysis (https://card.mcmaster.ca/), the plasmid 

incompatibility type was done by plasmid finder (PlasmidFinder 2.1 (dtu.dk)), Virulence 

factor analysis was done by Virulence finder (VirulenceFinder 2.0 (dtu.dk)), 

eaphylogenetic tree was done using Galaxy tool and visualized Evolview 

(Evolview:Home (evolgenius.info)) and Serotyping was done by serotype finder (CGE 

Server (dtu.dk)).

https://github.com/FelixKrueger/TrimGalore
https://github.com/ablab/spades
https://github.com/tseemann/shovill
https://github.com/tseemann/mlst
http://quast.sourceforge.net/quast
https://card.mcmaster.ca/
https://cge.food.dtu.dk/services/PlasmidFinder/
https://cge.food.dtu.dk/services/VirulenceFinder/
https://www.evolgenius.info/evolview/#/
https://cge.food.dtu.dk/services/SerotypeFinder/
https://cge.food.dtu.dk/services/SerotypeFinder/
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Chapter 3: Results and Discussions 

3.1 Collection and Distribution of E. coli Isolates 

Between January 2017 and August 2018, a total of 14 E. coli isolates were 

collected across four major hospitals in the Abu Dhabi Emirate. These hospitals, 

identified as SKMC (Sheikh Khalifa Medical City), TAWAM Hospital, MZ Hospital 

(Mohammed bin Zayed City Hospital), and MAFRAQ Hospital. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SKMC hospital has the largest share, with approximately 36% of the total E. coli 

isolates. Followed by SKMC, TAWAM Hospital contributed 29% of the isolates. For 

MZ and MAFRAQ Hospitals, each of these hospitals contributed around 17% of the 

samples.  

All the 14 E. coli isolates were identified by sample type. Figure 7 provides a 

detailed overview of the various clinical sources from which E. coli samples were 

collected. 

Figure 6: Distribution of E. coli Samples Across the Hospitals in Abu Dhabi 
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Rectal swabs account for approximately 40% of the E. coli isolates. Urine 

samples constitute about 30% of the isolates, marking it as the second most common 

source.  

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Antibiotic Susceptibility Profile of The Isolates  

Table 6 provides the antibiotic susceptibility and resistance profiles for the 14 E. 

coli isolates. Notably, the isolates exhibited a high level of resistance to a majority of the 

antibiotics tested. Ampicillin/sulbactam, piperacillin/tazobactam, cefotaxime, 

ceftazidime, ceftazidime/avibactam, ceftolozane/tazobactam, cefepime, imipenem, and 

ciprofloxacin showed a 100% resistance rate among the isolates, indicating no 

susceptibility. Similarly, high resistance levels were observed with co-trimoxazole and 

meropenem, with 92.8% of isolates resistant to these antibiotics. In contrast, tigecycline 

and colistin were entirely effective, with a 100% susceptibility rate, highlighting their 

potential as effective treatments against these E. coli strains. Amikacin and gentamicin 

displayed mixed responses, with 85.8% and 50% of the isolates being susceptible, 

respectively. 

 

Figure 7: Distribution of E. coli Samples by Clinical Source 
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Table 6: Antibiotic Susceptibility Profile of the isolates 

Antibiotics 
Resistant Susceptible 

% % 

Ampicillin/sulbactam 100 0 

Piperacillin/tazobactam 100 0 

Cefotaxime 100 0 

Ceftazidime 100 0 

Ceftazidime/avibactam 100 0 

Ceftolozane/tazobactam 100 0 

Cefepime 100 0 

Imipenem 100 0 

Meropenem 92.8 7.2 

Amikacin 14.2 85.8 

Gentamicin 50 50 

Ciprofloxacin 100 0 

Tigecycline 0 100 

Colistin 0 100 

co-trimoxazole 92.8 7.2 

 

3.3 Whole Genome Sequencing Analysis of the Isolates 

3.3.1 FastQC Report 

The FastQC analysis of the 14 E. coli samples confirmed that the sequencing data 

was of good quality. The sequencing resulted in an average of 100,079,168 high-quality 

reads per isolate. These reads successfully assembled into approximately 188 contiguous 

sequences, each exceeding 200 base pairs in length. The quantity and quality of these 

reads indicate robust data sufficient to create reliable and comprehensive genome 

assemblies. This level of sequencing detail is critical for subsequent analyses, including 

detailed genomic characterization and identification of genetic variations among isolates, 

to ensure that the data serve as a solid foundation for further bioinformatics 

investigations and antimicrobial resistance studies. 

3.3.2 Sample Confirmation 

In this study, all 14 isolates were conclusively identified as Escherichia coli using 

the BactInspector species identification tool, supplemented by whole genome sequencing 
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(WGS)-based contamination tests. The confirmation process, illustrated in Table 7, used 

advanced genomic tools to ensure accuracy in species determination.  

 

3.3.3 Assessing Contamination Level 

To evaluate the potential contamination in our whole genome sequencing (WGS) 

studies, a taxonomic classification of sequencing reads from the 14 Escherichia coli 

WGS samples was conducted using Kraken 2. This tool is renowned for its ability to 

rapidly classify reads into viral, bacterial, and archaeal domains based on a k-mer-based 

approach. As illustrated in Table 8, the alignment score for the primary match (Matching 

1) was significantly higher than those for the secondary and tertiary matches (Matching 2 

and Matching 3). This substantial difference confirms that the primary query sequence 

aligns with Escherichia coli, confirming the purity of our isolates. The high alignment 

score for Matching 1, relative to the others, effectively rules out contamination, allowing 

SampleID Species_Identification 

CRE-92 Escherichia coli (100%) 

CRE-115 Escherichia coli (100%) 

CRE-67 Escherichia coli (100%) 

CRE-65 Escherichia coli (100%) 

CRE-114 Escherichia coli (100%) 

CRE-3 Escherichia coli (100%) 

CRE-91 Escherichia coli (100%) 

CRE-72 Escherichia coli (100%) 

CRE-74 Escherichia coli (100%) 

CRE-90 Escherichia coli (100%) 

CRE-116 Escherichia coli (100%) 

CRE-102 Escherichia coli (100%) 

CRE-94 Escherichia coli (100%) 

CRE-71 Escherichia coli (100%) 

Table 7: Bactinspector Analysis 
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us to assert with confidence that our samples are not contaminated and correctly 

identified as Escherichia coli.  

Table 8: contamination conformation using kraken2 tool 

 

3.3.4 Genome Assembly Quality 

The genome assemblies of the 14 isolates comprised an average of 187.8 contigs, 

each longer than 200 base pairs. These assemblies included an average maximum contig 

length of approximately 483,809 base pairs. In total, the genome assemblies covered an 

Assembly Kraken_Match #1 Kraken_Match_#2 Kraken_Match_#3 

CRE-92 
Escherichia coli 

(17.11%) 

Klebsiella variicola 

(0.36%) 

Enterobacter asburiae 

(0.18%) 

CRE-115 
Escherichia coli 

(14.93%) 

Escherichia coli SE11 

(0.10%) 

Escherichia fergusonii 

(0.07%) 

CRE-67 
Escherichia coli 

(46.43%) 
unclassified (0.08%) Shigella flexneri (0.04%) 

CRE-65 
Escherichia coli 

(17.28%) 
unclassified (0.08%) 

Escherichia fergusonii 

(0.06%) 

CRE-114 
Escherichia coli 

(41.81%) 
unclassified (0.05%) 

Escherichia fergusonii 

(0.04%) 

CRE-3 
Escherichia coli 

(40.75%) 
unclassified (0.08%) Shigella flexneri (0.05%) 

CRE-91 
Escherichia coli 

(15.31%) 

Klebsiella pneumoniae 

(0.06%) 

Shigella dysenteriae 

(0.05%) 

CRE-72 
Escherichia coli 

(46.07%) 
unclassified (0.07%) Shigella flexneri (0.04%) 

CRE-74 
Escherichia coli 

(43.04%) 
unclassified (0.09%) 

Klebsiella pneumoniae 

(0.07%) 

CRE-90 
Escherichia coli 

(11.61%) 

Klebsiella pneumoniae 

(0.38%) 
unclassified (0.32%) 

CRE-116 
Escherichia coli 

(41.64%) 
unclassified (0.05%) Shigella flexneri (0.04%) 

CRE-102 
Escherichia coli 

(44.54%) 
unclassified (0.22%) 

Klebsiella pneumoniae 

(0.15%) 

CRE-94 
Escherichia coli 

(17.06%) 

Shigella dysenteriae 

(0.07%) 
Shigella flexneri (0.06%) 

CRE-71 
Escherichia coli 

(46.37%) 
unclassified (0.05%) 

Escherichia fergusonii 

(0.04%) 
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average of 5,216,671 base pairs per isolate. All the genome has a consistent average GC 

content of 50.6%. Additionally, the assemblies demonstrated a robust average N50 value 

of 152,331 base pairs, which indicates the quality of the assembly in terms of contig 

length—half of the entire genome is contained in contigs of this length or longer.  

3.3.5 Multilocus Sequence Typing (MLST) 

The Multilocus Sequence Typing (MLST) analysis revealed a diverse distribution 

of E. coli sequence types (STs) among the isolates. The most prevalent sequence type 

identified was ST648, accounting for 28.6% of the isolates. This was followed by 

ST405, which comprised 21.4%. Other sequence types, including ST46, ST448, ST2083, 

ST410, ST131, ST167, and ST617, were each represented by 7% of the isolates (Table 

9).  

Table 9: Multilocus Sequence Typing of the isolates 

Sample SCHEM ST adk(allell) 
fumC 

(allell) 
gyrB(allell) icd(allell) mdh(allell) purA(allell) recA(allell) 

CRE-

92 
ecoli 46 

adk(8) fumC 

(7) 
gyrB (1) icd (8) mdh(8) purA(8) recA(6) 

CRE-

115 
ecoli 448 

adk (6) fumC 

(6) 
gyrB (5) icd (16) mdh(11) purA(8) recA(7) 

CRE-

67 
ecoli 648 

adk (92) fumC 

(4) 
gyrB (87) icd (96) mdh(70) purA(58) recA(2) 

CRE-

65 
ecoli 2083 

adk (6) fumC 

(322) 
gyrB (5) icd (16) mdh(11) purA(8) recA(7) 

CRE-

114 
ecoli 405 

adk (35) fumC 

(37) 
gyrB (29) icd (25) mdh(4) purA(5) recA(73) 

CRE-3 ecoli 405 
adk (35) fumC 

(37) 
gyrB (29) icd (25) mdh(4) purA(5) recA(73) 

CRE-

91 
ecoli 410 

adk (6) fumC 

(4) 
gyrB (12) icd (1) mdh(20) purA(18) recA(7) 

CRE-

72 
ecoli 648 

adk (92) fumC 

(4) 
gyrB (87) icd (96) mdh(70) purA(58) recA(2) 

CRE-

74 
ecoli 131 

adk (53) fumC 

(40) 
gyrB (47) icd (13) mdh(36) purA(28) recA(29) 

CRE-

90 
ecoli 167 

adk (10) fumC 

(11) 
gyrB (4) icd (8) mdh(8) purA(13) recA(2) 

CRE-

116 
ecoli 405 

adk (35) fumC 

(37) 
gyrB (29) icd (25) mdh(4) purA(5) recA(73) 

CRE-

102 
ecoli 648 

adk (92) fumC 

(4) 
gyrB (87) icd (96) mdh(70) purA(58) recA(2) 

CRE-

94 
ecoli 617 

adk (10) fumC 

(11) 
gyrB (4) icd (8) mdh(8) purA(13) recA(73) 

CRE-

71 
ecoli 648 

adk (92) fumC 

(4) 
gyrB (87) icd (96) mdh(70) purA(58) recA(2) 
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3.3.6 E. coli Serotyping 

The serotyping analysis of the E. coli isolates in our study highlights the 

prevalence of specific O and H serotypes. The O serotypes O102 and O45 were 

identified as the most frequently occurring among the isolates. Similarly, H6 emerged as 

the predominant H serotype. Notably, the OH serotype O102:H6 was the most prevalent 

combination, found in 6 of the 14 samples (42.8%). Other significant serotypes identified 

include O45:H6, present in 3 samples (21.4%), O25:H4, and O101:H10, each found in 2 

samples (14.3%) (Table 10).  

Table 10: Distribution of O and H Serotypes Across E. Coli Isolates 

Sample O serotype H serotype 

CRE-3 O102 H6 

CRE-65 O131 H6 

CRE-67 O45 H6 

CRE-71 O45 H6 

CRE-72 O45 H6 

CRE-74 O25 H4 

CRE-90 O101 H5 

CRE-91 - H21 

CRE-92 O9 H10 

CRE-94 O101 H10 

CRE-102 O8 H4 

CRE-114 O102 H6 

CRE-115 O188 H19 

CRE-116 O102 H6 

 

3.3.7 Antimicrobial Resistance Genes 

Antimicrobial resistance analysis revealed that the blaNDM gene was present in all 

isolates: 13 isolates possessed the blaNDM-5 variant, and one isolate had the blaNDM-1 

variant. This gene confers resistance to carbapenems. In addition, out of the total, 8 

isolates were also found to carry the blaCTX-M-15 gene, and 7 carried the blaCMY-42 gene, 

classifying them as multidrug-resistant E. coli. The resistance profile was broad, with 

various genes providing resistance to aminoglycosides, tetracyclines, sulphonamides, 

and macrolides. Importantly, all isolates remained susceptible to colistin and tigecycline.  
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Table 11: Antimicrobial Resistance Genes 

Sample 
Carbapenem 

Resistance Gene 
Aminoglycoside Resistance 

Genes 
Beta-Lactams Resistance 

Genes 

CRE-91 blaNDM-5 aadA5 blaCTX-M-15, blaCMY-42, blaOXA-1 

CRE-92 blaNDM-5 aadA2, rmtB blaCTX-M-15, blaTEM-1, blaOXA-1 

CRE-65 blaNDM-5 aadA5, aac(3)-Iid blaCMY-42, blaTEM-1 

CRE-67 blaNDM-5 aadA2 blaCMY-42 

CRE-71 blaNDM-5 aadA2 blaCMY-42 

CRE-72 blaNDM-5 aadA2 blaCMY-42 

CRE-74 blaNDM-1 - blaCTX-M-15 

CRE-90 blaNDM-5 aadA2 blaCTX-M-15, blaOXA-1 

CRE-94 blaNDM-5 aadA2 blaCMY-42 

CRE-102 blaNDM-5 aadA5 blaCTX-M-15, blaTEM-1, blaOXA-1 

CRE-3 blaNDM-5 aadA2 - 

CRE-114 blaNDM-5 aadA2, aadA5, aac(3)-lid blaCTX-M-15, blaTEM-1, blaOXA-1 

CRE-115 blaNDM-5 aadA5, aac(3)-Iid blaCTX-M-15, blaCMY-42, blaOXA-1 

CRE-116 blaNDM-5 aadA5, aac(3)-Iid blaCTX-M-15, blaOXA-1 

 

3.3.8 Plasmid Incompatibility Type  

Whole genome sequencing analysis revealed different distribution of Inc types 

across different strains (Table 12). For example, Cre-3 hosts a mixture of P0111, IncFIA 

and IncFIB. The isolates (Cre-65 to Cre-74) exhibit a complex array of Inc types, 

including combinations such as IncFIB, IncI1-I, IncX3, and IncFIA. Furthermore, cre-65 

and cre-74 have greater diversity in their plasmid types compared to others. The strains 

(cre-67 to cre-72) are characterized by a consistent presence of IncFIB, IncY and IncFII, 

suggesting a specific plasmid profile pattern. Isolates such as cre-90, cre-92 and cre-102 

also contain the rare type of Col (BS512) paired with different IncF types and IncI1-I. In 

contrast, strains such as cre-94 and cre-116 are simpler and mainly include Inc types 

such as IncFIA and IncFII. 
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Table 12: Plasmid Incompatibility Types Across E. Coli Bacterial isolates 

Strain name Inc Type 
CRE-3 P0111, IncFIA, IncFIB 
CRE-65 IncFIB, Incl1-I, IncX3, IncFIA, IncFII 
CRE-67 IncFIB, IncY, IncFII 
CRE-71 IncFIB, IncY, IncFII 
CRE-72 IncFIB, IncY, IncFII 
CRE-74 IncI1-I, IncFII, IncFIB, IncFIA 
CRE-90 Col(BS512), IncFIA, IncI1-I 
CRE-91 IncX3, IncX4, IncFIB, IncFIA 
CRE-92 Col(BS512), IncFIA, IncFII, IncFIB 
CRE-94 IncFIA 
CRE-102 IncX3, IncFIA, IncFIB, IncFII, Col(BS512) 
CRE-114 IncFIA, IncFII, IncFIB 
CRE-115 IncFIB, IncX3, IncFIA, IncFII 
CRE-116 IncFIA, IncFII, IncFIB 

 

3.3.9 Virulence Factor 

Our results revealed a variety of virulence factors in the bacterial isolates, which 

differ by their sequence types. The results represented a spectrum of genes related to 

adhesins, invasion, toxins, bacteriocins, mechanisms of iron uptake, serum resistance and 

capsule production, among others. All genes such as afaA, chuA, fyuA and irp2 were 

examined for their presence (shown in green) or absence (shown in red) in each strain 

(Table 13). The isolate CRE-74 with sequence type 131 showed the most comprehensive 

virulence profile with 14 unique factors identified, indicating highly virulent potential. 

This strain had genes related to iron absorption, serum resistance, and a variety of 

adhesins and invasion. In contrast, CRE-71 with sequence type 648 had a more limited 

virulence gene set, with only two or three factors detected, possibly suggesting a lower 

virulence capacity. The column totals provided a quantifiable measure of the virulence 

genes present. The higher the number, the greater the number of virulence factors.
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3.3.10 Genetic Environment of blaNDM-5 

The genetic analysis of the bacterial isolates demonstrated that, with the exception 

of one, that all the isolates harbored the blaNDM-5 gene, a key determinant of carbapenem 

resistance. The gene was located within a gene cassette, suggesting a potential 

mechanism for its dissemination among bacterial populations. Downstream to blaNDM-5 , 

the gene cassettes also included a bleomycin resistance gene and an isomerase and 

reductase gene. Comparative genomic analysis across all isolates confirmed the 

conservation of this gene arrangement, highlighting its potential importance in the 

bacterial genome. Moreover, isolates CRE71, CRE72, and CRE90 were found to possess 

an identical 10 kb genomic fragment containing the blaNDM-5 gene cluster, reinforcing the 

concept of a conserved genetic transfer event or a shared ancestry among these specific 

isolates (Figure 9). 
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Figure 8: Genetic Environment of the blaNDM-5 Gene 
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3.3.11 Phylogenetic Analysis of the E. coli Isolates  

Phylogenetic analysis of the E. coli isolates played a crucial role in our results and 

provided essential insights into the evolutionary relationships and genetic diversity of 

our bacterial samples. By constructing a phylogenetic tree, we were able to delineate the 

genetic lineage and possible common ancestors of the isolates. This analysis revealed 

distinct clades corresponding to different strains, highlighting the genetic heterogeneity 

within our sample population. Furthermore, the phylogenetic positioning of isolates 

carrying the blaNDM-5 gene provided valuable insights into the evolutionary emergence 

and distribution of this crucial determinant of antibiotic resistance. 

 

 

 

 

 

 

 

 

 

 

 

3.3.12 Core Genome MLST (cgMLST) Analysis of E. coli Isolates 

The cgMLST (core genome multilocus sequence typing) analysis conducted on 

the E. coli isolates revealed distinct clustering patterns. Specifically, Cluster 1 was 

composed of three isolates that shared identical ST which is ST648 and originated from 

two different hospitals. On the other hand, Cluster 2 included two isolates with the same 

ST which is ST405, both originating from a single hospital, which might indicate a 

localized transmission within that facility. Interestingly, despite having the same ST 

(ST648 and ST405), two other isolates (CRE3, CRE102) did not cluster with their 

similar STs, highlighting a divergence in their genetic profiles.  

Figure 9: Phylogenetic Tree of the E. coli Isolates 
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Figure 10: Core Genome MLST (cgMLST) 
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Chapter 4: Discussion  

E. coli is a bacterium typically found in the human gut. While most strains are 

harmless, some can cause serious infections like urinary tract infections (UTIs), 

bloodstream infections, and pneumonia. The emergence of carbapenem-resistant E. coli 

(CRE), resistant to the last-resort carbapenem antibiotics, is particularly alarming in the 

fight against antibiotic resistance. 

Carbapenem-resistant E. coli (CRE) leaves healthcare providers with limited 

treatment options, leading to higher morbidity and mortality rates, reliance on less 

effective antibiotics with severe side effects, and the potential for spreading resistance 

genes to other bacteria. This requires stricter infection control measures, resulting in 

longer hospital stays and increased healthcare costs. Factors contributing to CRE's 

spread include antibiotic misuse in humans, animals, and agriculture, global travel and 

trade, and the selective pressures in hospital environments due to frequent antibiotic use. 

Challenges in combating CRE include the limited development of new antibiotics due to 

high costs and rapid resistance development, complex resistance mechanisms, and the 

need for strict infection control. Combating CRE requires responsible antibiotic 

stewardship, investment in novel antibiotics, exploration of alternative therapies like 

phage therapy, improved surveillance systems to monitor resistance, and global 

collaboration for information sharing and intervention strategies. 

Carbapenem-resistant Escherichia coli (CR-E. coli) is a growing threat in 

healthcare settings worldwide, and the United Arab Emirates (UAE) faces this challenge 

as well. Understanding how CR-E. coli spreads and develops resistance is crucial for 

implementing effective control strategies. Whole-genome sequencing (WGS) is a 

revolutionary tool for studying CR-E. coli, providing detailed insights into its 

emergence, spread, and evolution. Traditional methods like antibiotic susceptibility 

testing (phenotypic) and pulsed-field gel electrophoresis (PFGE) (genotypic) offer some 

useful data but lack the precision of WGS, preventing full identification of resistance 

mechanisms. In contrast, WGS detects genes encoding carbapenemase enzymes that 

break down carbapenems, identifies mutations affecting porin channels (key for 

antibiotic entry), and distinguishes closely related isolates to determine whether cases are 
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part of an outbreak or are sporadic. It also reveals evolutionary history by analyzing 

single nucleotide polymorphisms (SNPs), reconstructing transmission chains, and 

providing data to create rapid diagnostic tests for early identification and appropriate 

treatment. This comprehensive information is crucial for combating CR-E. coli, enabling 

targeted control measures, effective outbreak monitoring, and improved patient care. 

We're using whole-genome sequencing to trace the spread of carbapenem-

resistant E. coli (CR-E. coli) across the Emirates. We collected 14 unique CR-E. coli 

samples from four major Abu Dhabi hospitals, with Sheikh Khalifa Medical City 

(SKMC) providing nearly 37% of the total. All samples came from clinical cases, 

indicating suspected infections. Our findings revealed 100% resistance to 

Ampicillin/sulbactam, Piperacillin/tazobactam, Cefotaxime, Ceftazidime, 

Ceftazidime/avibactam, Ceftolozane/tazobactam, Imipenem, and Ciprofloxacin. These 

results are consistent with previous studies (Duan et al., 2019; Galindo-Méndez & 

Galindo-Méndez, 2020; Poirel et al., 2018; Regassa et al., 2023). A 2022 study in China 

reported 100% resistance to Cefotaxime and 35.41% resistance to Ciprofloxacin in E. 

coli samples from neonates (Jing et al., 2022). A 2023 study in Ethiopia found more than 

57% resistance to 17 antibiotics, including Ampicillin and Cefuroxime (Regassa et al., 

2023). Further analysis showed 14.2% resistance to Amikacin, 50% to Gentamicin, 

92.8% to Meropenem, and 92.8% to Co-trimoxazole. While a 2013 study showed 

Amikacin and Meropenem had the lowest resistance rates (Vading et al., 2011), recent 

research indicates rising resistance to these antibiotics as well. In 2023, a Chinese study 

found a 55.68% resistance rate to Trimethoprim/Sulfamethoxazole (Jing et al., 2022). 

Our findings showed 100% susceptibility to Tigecycline and Colistin, consistent with 

published research. These antibiotics are reserved for last-resort cases due to their 

potential side effects, reducing the selective pressure that could lead to resistance 

(Galindo, 2020; Regassa et al., 2023). 

Multilocus sequence typing (MLST) analysis of the 14 CR-E. coli isolates 

revealed a notable predominance of ST648 (28.6% of isolates), followed by ST405 

(21.4%). Other sequence types (ST46, ST448, ST2083, ST410, ST131, ST167, and 

ST617) were also present, each accounting for 7% of the isolates. This diversity 

highlights the need to understand the local epidemiology of multidrug resistance. ST648, 
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the most prevalent sequence type at 28.6%, is recognized as a high-risk clone linked to 

the spread of carbapenem-resistant E. coli (Furlan et al., 2020; Harada et al., 2021). It is 

often associated with the production of New Delhi metallo-beta-lactamase (NDM), 

which confers resistance to a broad range of beta-lactam antibiotics, including 

carbapenems (Findlay et al., 2021). Its dominance signals a shift in CR-E. coli 

epidemiology. ST405, found in 21.4% of isolates, is a well-established high-risk clone 

associated with global dissemination of carbapenem resistance (Linkevicius et al., 2023). 

Like ST648, it is frequently linked to NDM production, reinforcing its significant role in 

spreading multidrug-resistant E. coli. The remaining sequence types, including ST46, 

ST448, ST2083, ST410, ST131, ST167, and ST617, each accounted for 7% of our 

isolates, adding to the diversity of circulating CR-E. coli strains. Many of these STs have 

been documented globally, indicating widespread distribution (Dadashi et al., 2019; Kim 

et al., 2021; Luo et al., 2018; Peng et al., 2022). Since 2017, various studies using MLST 

have revealed regional variability in CR-E. coli distribution. For instance, ST167 is 

prevalent in India, Egypt, France, and the United States, while ST410 is found in 

Thailand, the UK, France, and the U.S. ST131 appears frequently in the UK, Italy, the 

U.S., and China (Huang et al., 2024). Although ST648 and ST405 are dominant globally, 

the specific mix of sequence types varies by region. Some regions report a higher 

prevalence of other high-risk lineages, such as ST131, emphasizing the importance of 

local surveillance to understand the epidemiology of CR-E. coli. 

The identification of E. coli serotypes O102 and O45 as the most common, along 

with the predominance of the H6 flagellar type, reveals interesting findings. O102 is not 

among the classic "big six" Shiga toxin-producing E. coli (STEC) serogroups but has 

been linked to diarrhea and occasional outbreaks. Some O102 strains possess virulence 

factors similar to those found in STECs, contributing to their pathogenicity (Kocsis et 

al., 2022). Serogroup O45, considered a non-traditional STEC serogroup, is associated 

with sporadic cases and outbreaks of diarrhea and hemolytic uremic syndrome (HUS), 

indicating its pathogenic potential (Alharbi et al., 2022; Beutin & Martin, 2012; Cabal et 

al., 2016). The H6 flagellar type is commonly found in both pathogenic and non-

pathogenic E. coli strains. Its prevalence reflects its widespread environmental presence, 

although some H6 strains are linked to specific pathotypes like enteropathogenic E. coli 
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(EPEC) (Trabulsi et al., 2002). The growing recognition of non-O157 STECs like O102 

and O45 highlights the evolving pathogenic landscape of E. coli. Surveillance and 

characterization of these strains are vital for identifying potential public health threats 

(Bielaszewska et al., 2011). 

All 14 carbapenem-resistant E. coli (CR-E. coli) isolates in our study harbored the 

blaNDM gene, a critical public health concern. The blaNDM-5 variant dominated, with one 

isolate carrying blaNDM-1, underscoring the urgent need for antimicrobial stewardship and 

infection control measures. Carbapenems like Imipenem and Meropenem are 'last resort' 

antibiotics for severe or multidrug-resistant infections. However, blaNDM (New Delhi 

metallo-beta-lactamase) grants resistance to nearly all beta-lactams, including 

carbapenems, severely limiting treatment options. The prevalence of blaNDM-5 is 

particularly alarming due to its enhanced enzymatic activity and higher resistance 

compared to earlier variants (Hornsey et al., 2011). Although present in only one isolate, 

the detection of blaNDM-1 points to the diversity of NDM variants circulating in our 

setting. Continuous surveillance is crucial to monitor the emergence and spread of these 

variants. NDM genes, often located on highly mobile plasmids, enable rapid 

dissemination within E. coli populations and other bacterial species, posing a significant 

global threat (Kumarasamy et al., 2010). NDM-producing bacteria were first reported in 

India and are now a worldwide problem, with NDM-positive Enterobacteriaceae, 

including E. coli, reported in various countries, underscoring the endemic nature of this 

resistance mechanism (Nordmann et al., 2011). The spread of NDM-5-producing E. coli 

is a significant concern in the field of infectious diseases. Studies have shown the 

dissemination of blaNDM-5 gene via various plasmids among different strains of 

Escherichia coli and other Enterobacteriaceae. For instance, (X. Li et al., 2018) 

identified eleven NDM-5-producing strains, including Escherichia coli, Klebsiella 

pneumoniae, and Citrobacter freundii. The study by (Xu et al., 2019) highlighted the 

dissemination of mcr-1 in an epidemic NDM-5-producing E. coli clone, which could 

contribute to the spread of colistin resistance. (Pérez-Vázquez et al., 2019) found that the 

spread of NDM-producing E. coli was polyclonal, while (Zhu et al., 2020) demonstrated 

the dissemination of blaNDM-5 carrying plasmids among multiclonal Klebsiella 

pneumoniae strains. Furthermore, (Zheng et al., 2022) emphasized the importance of 
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closely monitoring the clonal spread of NDM-5-producing E. coli, particularly the 

ST167 clone. (Li et al., 2020) reported the emergence of an NDM-5-producing E. coli 

sequence type 410 clone in infants in a children's hospital in China, highlighting the 

vulnerability of certain populations to these infections. Additionally, (Dong et al., 2022) 

identified a clinical Escherichia coli isolate co-harboring a novel blaNDM-5 -harboring 

IncI1-I plasmid and an mcr-1.1-harboring IncHI2 plasmid, further complicating the 

landscape of antibiotic resistance. Overall, these studies underscore the urgent need for 

continued surveillance and control measures to prevent the further spread of NDM-5-

producing E. coli strains, which pose a significant threat to public health. Additionally, 

the integration of WGS within national surveillance programs has been crucial in 

identifying the transmission of NDM-producing E. coli outbreaks associated with 

specific exposures, such as endoscopes (Dong et al., 2022).  

The UAE recognizes the importance of whole-genome sequencing (WGS) in 

fighting antimicrobial resistance (AMR). Several initiatives can be adopted to use WGS 

to study carbapenem-resistant E. coli (CR-E. coli): 

• National Surveillance Programs: The Ministry of Health and Prevention 

(MoHAP) collects data on antibiotic resistance patterns across hospitals in the 

UAE. WGS can analyze bacterial isolates from these programs, providing crucial 

insights into the prevalence and distribution of CR-E. coli. 

• Outbreak Investigations: During CR-E. coli outbreaks in healthcare facilities, 

WGS can rapidly compares bacterial genomes from patients and staff, helping 

officials assess the outbreak's scope and implement measures to prevent further 

transmission. 

• Research Studies: UAE universities and research institutions use WGS to study 

CR-E. coli epidemiology and transmission mechanisms, revealing key factors that 

contribute to the bacterium's emergence and spread, which can be always linked 

and delivered to the concerned health facilities.  

Significant challenges persist in incorporating genomics into routine surveillance 

in different settings. These include supply chain issues and the procurement of whole-
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genome sequencing (WGS) reagents and equipment, substantial cost differences between 

high- and low-income regions, and a lack of skilled local bioinformaticians due to 

limited training opportunities and challenges in retaining staff. Additionally, platforms to 

deliver actionable genomic data to sentinel sites are scarce. Moreover, the timeline for 

implementing disruptive technologies like WGS to reach full adoption by all relevant 

stakeholders is expected to exceed the duration of a single academically funded project. 
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Chapter 5: Conclusion 

Critical Challenge of CRE: 

• Carbapenem-resistant E. coli (CRE) poses a severe health risk due to limited 

treatment options and increased mortality rates. 

• The widespread dissemination of resistance genes contributes to the rapid spread 

of multidrug resistance. 

Whole-Genome Sequencing (WGS) Insights: 

• WGS offers valuable data on CRE transmission and epidemiology, surpassing 

traditional methods. 

• Our research found high resistance to key antibiotics, and the presence of high-

risk clones like ST648 and ST405. 

• The blaNDM gene, particularly the blaNDM-5 variant, was detected across all isolates, 

emphasizing the urgent need for stewardship and infection control. 

Importance of UAE Surveillance Programs: 

• WGS should be integrated into national surveillance programs, to reveal insights 

into CR-E. coli distribution and prevalence. 

• The Ministry of Health and Prevention (MoHAP) collects data on antibiotic 

resistance, which can be used to adopt WGS, enabling targeted outbreak 

management and research. 

Challenges in Genomics Integration: 

• Supply chain issues, high equipment costs, and a lack of skilled bioinformaticians 

hamper the integration of genomics into routine surveillance. 

• The absence of platforms to deliver actionable genomic data complicates effective 

response strategies. 

• Implementing disruptive technologies like WGS requires a timeline beyond a 

single project funding period. 
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Future Directions: 

• Investment in national surveillance programs, research, and international 

collaboration is crucial for addressing these challenges. 

• Improving stewardship practices and infection control can help mitigate the 

spread of CRE and other drug-resistant pathogens. 
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The increasing threat of antibiotic-resistant bacteria highlights the crucial role of 
bacterial genomics in combating infections. Microbiologists need to master 
genomic techniques to understand bacteria better and develop new ways to treat 
infections. This study introduces the use of whole-genome sequencing to study 
multidrug-resistant E. coli. 
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