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ABSTRACT 

 
Antimicrobial resistance (AMR) is a critical global health crisis that undermines the efficacy of standard 

infectious disease treatments. Within this landscape, multidrug-resistant (MDR) Escherichia coli is especially 
formidable due to its high genetic plasticity and its capacity for both intestinal and extraintestinal pathogenesis. The 
proliferation of these MDR strains is fueled by horizontal gene transfer and mobile genetic elements, which allow 
resistance determinants to bridge human, animal and environmental reservoirs. Fortunately, recent breakthroughs in 
genomics and bioinformatics, specifically Whole Genome Sequencing (WGS) now allow for the comprehensive 
mapping of resistomes and virulence factors. By identifying globally disseminated ‘high-risk’ clones, these 
computational tools have become indispensable for tracing transmission pathways and predicting resistance 
phenotypes in real time. This review summarizes current genomic insights into MDR E. coli, with emphasis on 
resistance mechanisms, mobile genetic elements, phylogenetic diversity, and bioinformatics resources for 
surveillance and analysis. It also discusses the public health implications of rising resistance, including limited 
therapeutic options and increased risk of treatment failure. Integrating genomic surveillance with advanced analytical 
approaches will be essential for early detection, effective control strategies, and the development of novel 
interventions to combat the growing threat of antimicrobial resistance. 

 
Keywords: Multidrug resistant Escherichia coli, Antimicrobial resistance, Whole genome sequencing, Resistome, 
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INTRODUCTION 
  

Antimicrobial resistance has become a key worldwide health concern, as it has negatively affected many decades 
of advances in the treatment of infectious diseases. The extensive and frequently inappropriate use of antibiotics in 
human medicine, veterinary medicine, and agriculture has accelerated the selection of resistant microorganisms, 
causing infections that are increasingly hard to treat (Salam et al., 2023). AMR contributes significantly to the burden 
of prolonged illness, increased healthcare expenditure, and mortality across the world. Low and middle income 
countries are especially vulnerable because of limited diagnostic capacity, uncontrolled antibiotic access, and 
inadequate infection control measures (Aslam et al., 2024). As resistant pathogens persist in crossing borders through 
different conduits such as travel, trade, and environmental pathways, AMR has become a transnational threat that 
requires coordinated global action (Coque et al., 2023). 

Among the various strains of antibiotic-resistant bacteria, multidrug-resistant Escherichia coli represents one of 
the most significant clinical concerns, as it holds special importance considering its dual role as a common gut 
commensal and a versatile opportunistic pathogen (Ding et al., 2025). MDR strains cause a wide range of infections, 
including urinary tract infections, sepsis, neonatal meningitis, and foodborne diarrheal disease (Priyanka et al., 2023). 
Moreover, E. coli represents one of the foremost reservoirs of resistance genes that might be transferred to other 
pathogenic bacteria. Its presence in humans, livestock, wildlife, water systems, and food chains underscores the 
interconnected nature of resistance dissemination within a One Health framework (Naidoo & Zishiri, 2025). 
Environmental contamination with antibiotic residues and antibiotic resistant bacteria further boosts the survival and 
dissemination of MDR strains outside healthcare settings. Traditional microbiological methods, such as culture based 
identification and phenotypic susceptibility testing, are still very important in routine diagnostics but present some 
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notable limitations (Yakobi & Nwodo, 2025). These approaches are time consuming, may not detect emerging or 
unusual resistance mechanisms, and provide little insight into the genetic relationships between strains. As a 
consequence, they are frequently inadequate for rapid outbreak investigations or for understanding the evolutionary 
dynamics of resistance (Hossain & Chowdhury, 2024). 

Advances in genomic technologies have revolutionized the study of MDR pathogens by enabling whole genome 
analysis. High throughput sequencing allows the identification of resistance determinants, virulence factors, plasmids, 
and clonal lineages simultaneously, and bioinformatics approaches help analyze large scale datasets and conduct 
global surveillance (Matsumura et al., 2025). Genomics driven approaches not only improve diagnostic accuracy but 
also provide valuable insights into transmission pathways, evolutionary trends, and the emergence of high risk clones 
(Telekes & Horváth, 2022). This review focuses on summarizing available information on the genomic and 
bioinformatics aspects of MDR E. coli, especially the genomic mechanisms of resistance, mobile genetic elements, 
population structure, and analytical tools used for the detection and surveillance of MDR E. coli. By combining 
findings from clinical, environmental, and computational studies, the review highlights the importance of genomics 
guided approaches for understanding, monitoring, and ultimately controlling the spread of multidrug resistant E. coli. 
 
Biology and Pathogenic Diversity of Escherichia coli 

Escherichia coli is a gram negative, facultative anaerobic, rod shaped bacterium that belongs to the family 
Enterobacteriaceae. It has high metabolic versatility, can survive in both aerobic and anaerobic environments, and 
grows rapidly under favorable conditions (Moxley, 2022). Genetically, E. coli has a highly dynamic genome 
consisting of a conserved core genome and a flexible accessory genome composed of plasmids, transposons, 
integrons, and pathogenicity regions. It is well adapted to diverse environments as a consequence of this genomic 
plasticity, which allows it to develop antimicrobial resistance and virulence attributes (Moxley, 2022). 

Most types of E. coli are benign commensals that colonize the gastrointestinal tract of warm blooded animals 
and humans soon after birth. In this role, they contribute to gut homeostasis, vitamin synthesis, and colonization 
resistance against pathogens (Hira Hameed, 2024). However, some strains have developed specific virulence 
factors that make them capable of causing disease. The distinction between commensal and pathogenic strains is 
less based on species identity and more on the presence or absence of particular virulence genes (Mendes et al., 
2023). Transmission mainly occurs through the fecal oral route, contaminated food and water, direct contact with 
infected individuals or animals, and healthcare associated spread. The environment further aids dissemination 
across ecological niches through environmental reservoirs such as wastewater, soil, and surface waters (Dang et 
al., 2022). 

The strains of E. coli that cause disease are generally classified as intestinal pathogenic E. coli (IPEC) and 
extraintestinal pathogenic E. coli (ExPEC), depending on the site and mechanisms of pathogenicity (Hu et al., 2022). 
IPEC strains primarily infect the gastrointestinal tract and include pathotypes characterized by toxin production, 
adherence to epithelial cells, and epithelial invasion. These strains are major causes of diarrheal diseases globally, 
especially in children in low resource settings (Alhadlaq et al., 2024). Clinical manifestations range from mild, self-
limiting diarrhea to severe complications, such as hemorrhagic colitis and hemolytic uremic syndrome, depending on 
the virulence profile and host susceptibility (Ghazy et al., 2025). 

In contrast, ExPEC strains are adapted to survive outside the intestinal tract and cause localized or systemic 
infections. They are commonly associated with urinary tract infections, bloodstream infections, neonatal meningitis, 
and intra-abdominal infections (Munhoz et al., 2023). ExPEC strains possess a variety of virulence determinants 
involved in colonization, immune evasion, and tissue damage, including adhesins, iron acquisition systems, capsules, 
and toxins. The synergy between virulence and multidrug resistant traits in some high risk lineages has intensified 
challenges for healthcare professionals, as these strains combine increased virulence potential with limited therapeutic 
options (Azam et al., 2023; Qiu et al., 2024). Therefore, understanding the biological diversity of E. coli through 
integrated genomic data, epidemiological trends, and targeted prevention strategies is of vital importance. 

Table 1 provides a structured overview of the key E. coli pathotypes responsible for various clinical conditions, 
such as diarrhea and urinary tract infections (UTIs). It lists the virulence factors and primary infection sites associated 
with each pathotype which helps in understanding the diverse pathogenic profiles of E. coli, making it easier for 
clinicians and researchers to diagnose infections based on the pathotype present. 
 
Table 1: Summary of Major E. coli Pathotypes and Clinical Manifestations 

Pathotype Virulence Factors Primary Infection Site Clinical Manifestations References 
EPEC intimin, bundle forming pilus Small intestine Infantile diarrhea (Malesa et al., 2025) 
ETEC Heat labile and heat stable 

toxins 
Small intestine Traveler’s diarrhea, watery 

diarrhea 
(Lee et al., 2023) 

EHEC/STEC Shiga toxins (Stx1, Stx2), 
intimin 

Colon Hemorrhagic colitis, 
hemolytic uremic syndrome 

(Fernández Fellenz et 
al., 2025) 

EAEC Aggregative adherence 
fimbriae, toxins 

Colon Persistent diarrhea (Moazeni et al., 2024) 

EIEC Invasion plasmid antigens Colon Dysentery like diarrhea (Ghosh et al., 2025) 
ExPEC Adhesins, siderophores, 

capsules 
Urinary tract, 
bloodstream, CNS 

UTIs, sepsis, neonatal 
meningitis 

(Munhoz et al., 2023) 
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Mechanisms of Antimicrobial Resistance 
The origin and spread of antimicrobial resistance in Escherichia coli have been explained by various biological 

mechanisms through which the bacterium survives antibiotic exposure (Endale et al., 2023). Resistance can be 
categorized as intrinsic or acquired and may involve genetic mutations, horizontal gene transfer, or the expression of 
specific resistance determinants (Hossain & Chowdhury, 2024). Understanding these mechanisms is critical for the 
development of effective diagnostics, surveillance strategies, and appropriate treatment approaches. 
 
Intrinsic and Acquired Resistance 

Intrinsic resistance refers to the inherent capability of Escherichia coli to survive exposure to specific antibiotics 
without prior contact or selective pressure. This phenomenon is encoded within the bacterium’s core genome and is 
mainly due to inherent structural or physiological characteristics (Balachandran et al., 2025). For example, the outer 
membrane of E. coli presents a selective barrier that inhibits the entry of large or hydrophobic antimicrobial agents. 
In addition, constitutively expressed efflux pumps, such as the AcrAB-TolC efflux pump, actively expel a wide range 
of antimicrobial compounds from the cytoplasm, further decreasing intracellular drug accumulation (Mahmud & 
Wakeman, 2024). Other intrinsic mechanisms include the lack or alteration of particular antibiotic targets. For 
instance, an appropriate binding site for certain macrolides does not exist in E. coli, rendering these drugs ineffective. 
Intrinsic resistance also explains why some antibiotics, such as polymyxins, need to be administered at high 
concentrations to achieve bactericidal activity, as the cell envelope and membrane charge of the bacterium provide 
partial protection (Nasrollahian et al., 2024). Although these features are not acquired due to environmental pressure, 
they define the baseline susceptibility profile of E. coli and influence clinical treatment and future resistance 
evolution. 

Acquired resistance, on the other hand, is the ability of previously sensitive strains of E. coli to withstand 
antibiotic exposure due to genetic modifications. Mutation driven resistance is one of the best known mechanisms, 
whereby spontaneous point mutations, insertions, or deletions in chromosomal genes alter the antibiotic target, affect 
drug uptake, or modify metabolic pathways (Harris et al., 2023). For example, mutations in the quinolone resistance 
determining regions (QRDR) of DNA gyrase (gyrA) or topoisomerase IV (parC) decrease fluoroquinolone binding, 
resulting in high-level resistance (Rezaei et al., 2024). Similarly, changes in penicillin binding proteins (PBPs) can 
reduce their affinity for β-lactam antibiotics, thereby allowing cell wall synthesis to continue despite the presence of 
the drug (Dabhi et al., 2024). In addition to structural changes, mutations in regulatory genes can lead to 
overexpression of efflux pumps or downregulation of porins, contributing to multidrug resistant phenotypes. These 
genetic alterations typically occur under selective pressure from antibiotic exposure in clinical, agricultural, or 
environmental settings. Once established, such mutations may persist within populations and, in certain cases, 
combine with horizontally acquired resistance determinants, giving rise to complex resistance profiles that are 
increasingly difficult to control (De Gaetano et al., 2023). 
 
Horizontal Gene Transfer 

Horizontal gene transfer (HGT) is essential in the high rate of transmitting antimicrobial resistance among 
Escherichia coli populations. HGT in contrast to intrinsic or mutation driven resistance enables bacteria to obtain 
fully active resistance genes in other organisms, sometimes across species or even genera, and lead to sudden radically 
large scale changes in differential patterns of resistance (Vinayamohan et al., 2022). Plasmids are one of the most 
important vectors of this process. These extrachromosomal nutrients of DNA may contain multiple resistance genes 
which sometimes provide resistance to different classes of antibiotics at the same time. Conjugative plasmids, which 
have the ability to transfer themselves by directly cell to cell contact, are especially significant in the transmission of 
the extended spectrum beta-lactamases (ESBLs) and carbapenems, which have caused resistance to last line beta-
lactams (Castañeda-Barba et al., 2024; Meng et al., 2022). 

The acquisition and rearrangement of the resistance genes by transposons and integrons also contribute to 
acquisition and rearrangement. Integrons represent an example of gene capturing systems, whereby several gene 
cassettes can be integrated into the bacterial genome and coordinate the expression of resistance determinants (Bhat 
et al., 2023). Transposons or jumping genes allow for the transposition of such gene cassettes between plasmids and 
chromosome giving rise to complicated multidrug resistant strains. Besides plasmids and mobile genetic factors, 
bacteriophages also play a role in transfer of genes through the process of transduction whereby they package the 
resistance genes in the hosts of the bacterium and transfer them to the receiver cells (Karampatakis et al., 2025). 
Environmental reservoirs, like wastewater, soil and animal gut microbiota, offer a plethora of opportunities for HGT 
which boosted the development of high risk MDR E. coli lineages. This interaction of mechanisms also has a key role 
in making horizontal gene transfer a key factor in the promotion of worldwide distribution of multidrug resistance, 
creating severe challenges to the domestic and infection control approaches (De Gaetano et al., 2023). 
 
Major Resistance Mechanisms 

One of the most clinically important resistance determinants is β-lactamases, which are often combined by 
Escherichia coli to form complex multidrug-resistant phenotypes (Maveke et al., 2024). Extended spectrum β-
lactamases (ESBLs) catalyze the hydrolysis of penicillins, cephalosporins, and monobactams, whereas 
carbapenemases inactivate carbapenems, one of the last-resort classes of antibiotics. The spread of ESBL and 
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carbapenemase producing E. coli strains has greatly restricted therapeutic options and is linked to increased morbidity 
and mortality in both community and hospital settings (Aurilio et al., 2022). 

Another major mechanism of resistance is efflux pumps. These membrane bound proteins expel a wide range of 
antimicrobial agents and decrease intracellular drug concentrations to sub inhibitory levels (De Gaetano et al., 2023). 
The AcrAB-TolC efflux system has the capability to target multiple antibiotic classes simultaneously, making it a 
key contributor to broad spectrum resistance and treatment failure. Target modification is equally important; 
mutations or enzymatic modifications alter antibiotic binding sites and lessen drug efficacy (Alenazy, 2022). These 
include point mutations in DNA gyrase responsible for fluoroquinolone resistance and methylation of 23S rRNA, 
which confers resistance to macrolides (Maveke et al., 2024). 

Figure 1 provides a necessary visual synthesis of the multifaceted resistance landscape in Escherichia coli which 
is critical for bridging the gap between abstract genetic determinants and their functional clinical impact. Finally, low 
membrane permeability also contributes to resistance. Loss or structural alteration of porin proteins in the outer 
membrane reduces antibiotic entry, especially for β-lactams and carbapenems (Ghai, 2023). These mechanisms often 
act synergistically. For example, a strain may produce a β-lactamase while simultaneously decreasing membrane 
permeability and increasing efflux pump expression, resulting in high level multidrug resistance (Hussein et al., 
2024). Knowledge of these molecular mechanisms is critical for interpreting genomic data, predicting resistance 
patterns, and developing effective treatment and prevention strategies. With genomic and bioinformatics tools, 
comprehensive mapping of these mechanisms has become possible, providing insight into their distribution, 
evolution, and clinical consequences. 

 

 

Fig 1: Principal molecular 
mechanisms of 
antimicrobial resistance 
in Escherichia coli 
(Coque et al., 2023; 
Matsumura et al., 2025) 
 

 
Table 2 outlines the primary mechanisms by which E. coli develops resistance to antibiotics. By categorizing 

mechanisms such as β-lactamase production, efflux pump activity, target modification, and membrane permeability 
changes, this table provides a clear link between molecular mechanisms and their clinical impacts. It also highlights 
specific genes involved in each mechanism, giving insight into how resistance can be genetically mapped and targeted 
in therapeutic strategies. Understanding these mechanisms is essential for developing new antibiotics and resistance 
management strategies. 
 
Table 2: Mechanisms of Antimicrobial Resistance in E. coli 

Mechanism Description Example Genes/Proteins Impact on Therapy References 
β-lactamases Enzymatic hydrolysis of β-

lactams 
TEM, SHV, CTX-M, 
NDM 

Resistance to penicillins, 
cephalosporins, carbapenems 

(Belay et al., 
2024) 

Efflux pumps Active expulsion of 
antibiotics 

AcrAB-TolC, MdfA Reduced intracellular drug 
levels; multidrug resistance 

(Lorusso et al., 
2022) 

Target 
modification 

Mutation or modification 
of antibiotic binding sites 

gyrA, parC, rpoB, 23S 
rRNA methylation 

Resistance to 
fluoroquinolones, rifampicin, 
macrolides 

(Rezaei et al., 
2024) 

Reduced 
permeability 

Porin loss or modification 
limiting drug entry 

OmpF, OmpC Reduced susceptibility to β-
lactams, carbapenems 

(Hussein et al., 
2024) 

 
Genomic Insights into MDR Escherichia coli 

Genomic technologies have radically changed the study of multidrug-resistant Escherichia coli, providing deeper 
insight into its genetic composition and mechanisms of resistance, virulence potential, and evolutionary dynamics 
(Jhalora & Bist, 2025). Whole genome sequencing and bioinformatics analyses now allow comprehensive profiling 
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of the bacterial genome, enabling the simultaneous assessment of resistomes, virulomes, plasmids, and clonal 
relationships (Wareth et al., 2022). These insights play an important role in surveillance, outbreak investigations, and 
the design of targeted antimicrobial strategies. 
 
Whole Genome Sequencing (WGS) 

Whole genome sequencing has become the gold standard for detailed genetic analysis in MDR Escherichia coli, 
with the ability to study determinants of resistance, virulence factors and evolutionary patterns of MDR E. coli at 
single nucleotide resolution. WGS is feasible using short read sequencing technologies such as Illumina's, which offer 
high accuracy, low error rates, and yield deep coverage which can be used to identify single nucleotide polymorphisms 
(SNPs), small insertions or deletion, and gene presence or absence (Chekole et al., 2025; Matsumura et al., 2025). 
However, short reads frequently have difficulties resolving repetitive sequences, structural variations and complete 
assemblies of plasmids, which are important in understanding multidrug resistance. The concomitant nature of short 
read and long read sequencing technologies has allowed crafting hybrid assemblies using short reads with high 
accuracy and similarly long reads with continuity to create vastly complete and perfect assemblies of genomes that 
can be used in subsequent genomic research (Rose et al., 2023; Zhao et al., 2023). 

After sequencing, bioinformatics pipelines are used to achieve many steps such as quality control, genome 
assembly, error correction and functional annotation (Abdi et al., 2024). These annotated genomes include 
comprehensive information on coding sequences, regulatory features, non-coding RNAs, plasmids and mobile genetic 
elements coding sequences, regulative elements, non-coding RNAs, plasmids and mobile genetic elements, like 
integrons, transposons as well as prophages (Lamping & Krebber, 2025). The resulting genomic maps enable the 
researchers to determine antimicrobial resistance genes, future resistance phenotypic prediction, and determine the 
interaction between virulence and resistance determinants. Also, WGS can be used to do comparative genomics, 
where the formation of the clonal relationships, evolutionary patterns and the occurrence of a horizontal transfer of 
genes leading to the rise of high risk lineages with MDR can be detected (Matsumura et al., 2025). WGS has therefore 
emerged as an invaluable resource at both fundamental research level and even for a clinical or epidemiological 
purpose, such as researching outbreaks, surveillance of susceptible clones, and ensuring the formulation of targeted 
response antimicrobial plans (Struelens et al., 2024). 
 
Resistome Analysis 

Resistome analysis provides a comprehensive overview of all antimicrobial resistance genes present in 
Escherichia coli, thereby improving the understanding of multidrug resistance at the genomic level (Peng et al., 2022). 
From whole genome sequences, researchers can identify resistance determinants associated with different classes of 
antibiotics, including β-lactams, aminoglycosides, tetracyclines, fluoroquinolones, and others. Systematic detection, 
classification, and annotation of resistance genes are supported by bioinformatics tools and databases such as 
Comprehensive Antibiotic Resistance Database (CARD), ResFinder, and ARG-ANNOT (Manzoor et al., 2025). This 
analysis not only identifies the presence of individual resistance genes but also maps their genomic context, such as 
their location on plasmids, integrons, transposons, or chromosomal islands. This information is essential for 
understanding the potential for horizontal gene transfer, resistance evolution, and the identification of high risk clones 
capable of disseminating resistance within populations (Vinayamohan et al., 2022). Resistome profiling also reveals 
co-resistance, where multiple resistance genes are co-located on the same mobile genetic element, potentially 
conferring multidrug resistance even in strains previously considered susceptible (Wareth et al., 2022). 

Mobile genetic elements, including plasmids, transposons, and integrons, play a crucial role in shaping the resistome 
of E. coli. Plasmids can harbor multiple resistance genes simultaneously and are capable of transferring these genes 
between bacterial strains and even across species through conjugation (Rezaei et al., 2024). Resistance determinants are 
frequently organized into gene cassettes captured and expressed by integrons, contributing to rapid adaptation under 
antibiotic pressure. Transposons facilitate the movement of resistance genes between plasmids and the chromosome, 
adding to the dynamic architecture of the resistome (Karampatakis et al., 2025). Furthermore, co-resistance and cross 
resistance patterns may complicate treatment planning, as a single resistance determinant can confer reduced 
susceptibility to multiple antibiotic classes due to genetic linkage or shared efflux mechanisms (Rose et al., 2023). 
Population scale mapping of the resistome enables researchers and clinicians to monitor emerging resistance trends, 
anticipate potential treatment failures, and design targeted antimicrobial stewardship interventions to reduce the 
prevalence of multidrug resistant E. coli in clinical, environmental, and agricultural settings (Ding et al., 2025). 
 
Virulome and Pathogenicity Factors 

Virulome of Escherichia coli is the totality of the genes that led the bacterium to have the power to colonize 
hosts, avoid immune responses and disease. High pathogenicity is due to adhesins, invasins, toxins, iron acquisition 
systems, capsules, and secretion systems, which are encoded by these genes (Manzoor et al., 2025). Whole genome 
sequencing and bioinformatics databases such as Virulence Factor Database (VFDB) are referred to as the virulence 
gene profiling which enables the categorization of strains into certain pathotypes, such as intestinal pathogenic E. coli 
(IPEC) and extraintestinal pathogenic E. coli (ExPEC) (AlJindan et al., 2023). Virulence determinants identification 
allows critically important understanding of the molecular pathogenesis of an illness, including adherence to epithelial 
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cells, toxin induced injury, and immunomodulatory effects. These virulence factors usually work together in 
pathogenic strains to enhance their capacity to cause serious infections including diarrheal diseases to sepsis and 
magnitude (Land, 2023). 

The relationship between virulence and antimicrobial resistance is growing in the MDR E. coli. There are also 
cases of high risk lineages that possess virulence determinants and several resistance genes that result in strains of 
increased pathogenicity and very few treatment options (Qin et al., 2022). This intersection complicates the clinical 
care and adds to the increased morbidity and mortality rates. Knowing the association between the virulome and 
resistome creates the opportunity to forecast the behavior of the strain, the probability of outbreak, and the possibility 
of failure in treatment (Interrante et al., 2022). Combining virulence profiling with resistome and genomic data base 
informs efficiency in public health, led to specific surveillance, vaccine building and risk evaluation. It is through a 
virulome mapped together with well-established resistance determinants that researchers are able to determine 
emergent high risk clones, monitor their distribution via human, animal and environmental reservoirs and establish 
biointerventions to counter their effect (Hasan et al., 2025; Sherry et al., 2025). 
 
Phylogenomics and Population Structure 

Phylogenomic analyses provide high resolution information about evolutionary relationships, clonal dynamics, and 
the global dissemination of multidrug resistant Escherichia coli. By comparing whole genome sequences, researchers 
can construct phylogenetic trees that illustrate lineage diversification, population structure, and the emergence of high 
risk clones (Siddique et al., 2025). Sequence typing approaches used to identify sequence types (STs) and clonal 
complexes associated with specific resistance or virulence phenotypes include multilocus sequence typing (MLST) and 
core genome MLST (cgMLST) (Kalizang’oma et al., 2023). Certain lineages, such as Escherichia coli ST131, 
Escherichia coli ST69, and Escherichia coli ST405, have become globally disseminated due to their combined virulence 
and multidrug resistance and represent significant clinical challenges. Phylogenomic approaches also assist in tracing 
the sources and transmission routes of MDR strains among clinical, animal, and environmental reservoirs, providing 
valuable insights for outbreak investigations and infection control (Ding et al., 2025; Siddique et al., 2025). 

Population structure analysis reveals the genetic diversity within and between E. coli populations and explains 
how horizontal gene transfer, recombination, and selective pressures drive the emergence of resistant and virulent 
clones (Han et al., 2024). Clonal expansions are often associated with the acquisition of key resistance determinants, 
plasmids, and pathogenicity islands, leading to the dominance of certain lineages within specific ecological niches or 
geographical regions (Domingues et al., 2025). By integrating phylogenomic data with resistome and virulome 
profiles, it becomes possible to identify high risk MDR clones, monitor their dissemination, and predict their potential 
evolutionary trajectories. These insights are fundamental for global surveillance initiatives, the formulation of 
antimicrobial stewardship policies, and the development of strategies aimed at preventing the widespread 
transmission of MDR E. coli across human, animal, and environmental interfaces (Dabhi et al., 2024). 

Table 3 identifies the most concerning multidrug resistant E. coli clonal lineages (e.g., ST131, ST69, and ST405). 
It details their global distribution, associated resistance profiles, and virulence traits. Table 3 is crucial for 
epidemiological surveillance as it allows researchers and public health authorities to identify high risk clones that 
might be spreading globally. It also helps in monitoring the evolution and transmission dynamics of these strains 
across regions, which is essential for targeted control measures. 

 
Table 3: High-Risk MDR E. coli Clonal Lineages 

Clonal Lineage (ST) Global Distribution Associated Resistance Virulence Traits References 
ST131 Worldwide ESBLs (CTX-M), 

fluoroquinolone resistance 
Adhesins, siderophores (Pitout et al., 2023) 

ST69 Europe, North 
America 

Multidrug resistant plasmids Toxins, adhesins (Benlabidi et al., 
2023) 

ST405 Asia, Europe Carbapenemases, ESBLs Capsule, siderophores (Kocsis et al., 2022) 
ST38 Global, sporadic ESBLs, aminoglycoside 

resistance 
Adhesins, iron uptake (Kocsis et al., 2022) 

 
Bioinformatics Tools and Databases 

Bioinformatics tools and databases have played an important role in the study of multidrug resistant Escherichia 
coli by enabling researchers to process and interpret large volumes of genomic data efficiently. Through these platforms, 
it is possible to rapidly identify resistance genes, virulence determinants, plasmids, and mobile genetic elements, as well 
as to perform comparative genomics and predictive modeling (Subramanian & Natarajan, 2023). The integration of 
bioinformatics with whole genome sequencing and metagenomic approaches has revolutionized the surveillance, 
outbreak investigation, and epidemiological analysis of MDR pathogens (Ding et al., 2025). 
 
AMR Gene Identification Tools 

Accurate identification of antimicrobial resistance genes is crucial in understanding the resistome of E. coli and also 
to predict therapeutic outcome. Tools like ResFinder, CARD (Comprehensive Antibiotic Resistance Database) and 
ARG-ANNOT contain curated databases of known resistance determinants, and as a result, genome sequences can be 
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screened in a widely available and systematic manner for the presence of the above mentioned resistance mechanisms, 
such as v-lactamases, aminoglycoside modifying enzymes, efflux pumps and other resistance genes (Ali et al., 2023; 
Jhalora & Bist, 2025). These even assign genes the antibiotic class and mechanism of action that help to interpret patterns 
of multidrug resistance (Jhalora & Bist, 2025). Integration with the analysis of mobile genetic elements enables 
determination of whether resistance genes are located on plasmids, integrons, or chromosomes, providing insight into 
their potential for horizontal transfer and dissemination among bacterial strains (Siddique et al., 2025). 

The problem of AMR gene identification tools is limited to single isolates. Population genomics media allow 
researchers to monitor the distribution and most commonness of resistance genes worldwide since it is an enormous 
examination of the constitutionery data (Shaik et al., 2022). Comparative studies based on these tools can show 
emergence of high risk MDR lineages, track evolutionary changes and provide information supporting interventions 
in public health. With gathering information from genome wide resistance profiling and metadata, are be combined 
to help predict resistance profiles and prioritize strategies for antimicrobial stewardship, such as clinical outcomes, 
environmental sources, or geographic distribution (Malesa et al., 2025). 

 
Genome Analysis Platforms 

Genome analysis platforms play a crucial role in processing raw sequencing data, performing data assembly, 
annotation, and comparative genomics to understand the genomic context of resistance and virulence (Vashisht et al., 
2023). Tools such as SPAdes, Velvet, and Canu are used for de novo genome assembly, producing high quality draft 
or complete genomes. Annotation pipelines, including Prokka and RAST, assign functional roles to coding sequences 
and regulatory elements, while specialized tools are available to detect plasmids, integrons, and prophages (Çabuk & 
Ünlü, 2022). Comparative genomics platforms, such as Roary and Panaroo, can be used to analyze pangenomes, 
revealing the core and accessory gene content across different E. coli strains and lineage specific genomic adaptations 
linked to multidrug resistance (Çabuk & Ünlü, 2022). 

Processing Whole Genome Sequencing (WGS) data involves a complex, multi-stage pipeline; including 
assembly, annotation, and resistome mapping which is follow through by Figure 2. Figure 2 clarifies how specific 
bioinformatics tools like SPAdes and Prokka are integrated to facilitate real time surveillance and the identification 
of high-risk clones. Phylogenomic analyses, single nucleotide polymorphism studies, and clonal relationship 
assessments are also performed using these platforms, which are valuable for monitoring MDR lineages in clinical, 
agricultural, and environmental settings (Ramaloko & Osei Sekyere, 2022). By integrating genome assembly, 
annotation, and comparative analysis, researchers can elucidate the composition and evolution of resistance and 
virulence, identify emerging high risk clones, and investigate the interplay of horizontal gene transfer and selective 
pressure. These integrated approaches are essential for effective surveillance, outbreak investigation, and informed 
decision making in public health. 

 

 

Fig. 2: Integrated 
bioinformatics pipeline 
for genomic AMR 
surveillance (Sader de 
Azevedo et al., 2026; 
Subramanian & 
Natarajan, 2023) 
 

 
Table 4 systematically outlines key bioinformatics tools and databases that are indispensable for the identification 

and characterization of antimicrobial resistance genes in Escherichia coli. The tools presented, such as ResFinder, 
CARD, ARG-ANNOT, Prokka, and Roary/Panaroo are central to the high throughput analysis of E. coli genomes, 
enabling the rapid detection of resistance determinants across diverse strains. These tools facilitate the annotation of 
genomic sequences, the classification of AMR genes, and the prediction of phenotypic resistance profiles, providing 
essential data for understanding the genetic basis of multidrug resistance. 
 
Metagenomic Approaches 

Metagenomics can be used to culture independently detect and characterize Escherichia coli and other 
antimicrobial resistant bacteria in complex ecosystems such as the human gut, wastewater, soil, and livestock 
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(Barcenilla Canduela, 2024). Shotgun metagenomics enables sequencing of all microbial DNA within a sample, 
providing a comprehensive understanding of the resistome, including non-cultivable or rare strains. This approach 
can identify resistance genes, mobile genetic elements, and patterns of community level co-resistance, offering a 
global perspective on resistance dynamics within microbiomes (Nogueira & Botelho, 2021). 
 
Table 4: Bioinformatics Tools and Databases for MDR E. coli 

Tool/Database Purpose Key Features References 
ResFinder AMR gene identification Antibiotic class classification; plasmid detection (Saleem et al., 2026) 
CARD Comprehensive AMR 

database 
Resistance gene curation; mechanism 
annotation 

(Edalatmand & McArthur, 
2023) 

ARG-ANNOT AMR gene detection Integron and gene cassette analysis (Gupta & Rolain, 2014) 
Prokka Genome annotation Coding sequences, rRNAs, tRNAs (Sader de Azevedo et al., 

2026) 
Roary / Panaroo Pangenome analysis Core and accessory gene comparison (Dimonaco, 2026) 

 
Metagenomic studies of environmental and gut microbial communities have revealed extensive reservoirs of 

resistance genes that may contribute to the emergence and dissemination of MDR E. coli (Munhoz et al., 2023). These 
studies identify hotspots of horizontal gene transfer and demonstrate links between human, animal, and environmental 
resistomes, supporting One Health approaches to antimicrobial resistance management (Hossain & Chowdhury, 
2024). Integration of metagenomic data with bioinformatics pipelines allows researchers to track trends in resistance 
determinants, evaluate the impact of antibiotic use, and develop targeted strategies to control infections (Bhat et al., 
2023). 
 
Epidemiology and Global Surveillance 

The genomic epidemiology of multidrug resistant Escherichia coli has provided unprecedented insights into the 
origin, evolution, and global dissemination of high risk clones. Whole genome sequencing and phylogenomic 
analyses have enabled the identification of globally dominant lineages, such as Escherichia coli ST131, Escherichia 
coli ST69, and Escherichia coli ST405, which combine enhanced virulence with multidrug resistance (Arcari & 
Carattoli, 2023; Shaik et al., 2022). These approaches allow high resolution profiling of resistance determinants, 
plasmid types, and mobile genetic elements, providing a detailed understanding of the evolutionary dynamics driving 
the proliferation of MDR E. coli (Ding et al., 2025). By integrating genomic data with metadata, including temporal 
and geographical information, researchers can identify transmission patterns, detect the emergence of high risk clones, 
and track the spread of resistance across healthcare, community, and environmental contexts (Belay et al., 2024). 
Such genomic surveillance forms the foundation for informing public health policies and guiding antimicrobial 
stewardship strategies at regional and global levels. 

Transmission of MDR E. coli occurs across interconnected human, animal, and environmental networks, 
highlighting the importance of a One Health approach. Humans acquire resistant strains through contaminated food 
and water, direct contact with animals, or exposure to healthcare settings, while livestock, wildlife, and companion 
animals serve as reservoirs and amplifiers of resistance (Han et al., 2024). Environmental contamination from 
wastewater, agricultural runoff, and hospital effluents facilitates horizontal gene transfer between bacterial 
populations. Hospital acquired organisms are often associated with high risk clones carrying multiple resistance 
determinants, whereas foodborne or environmental exposures may contribute to the emergence of community 
acquired strains (Hutinel et al., 2021). Genomic tools have greatly enhanced outbreak investigations by enabling rapid 
identification of sources, transmission pathways, and relatedness of isolates in both hospital and community settings. 
This large scale genomic approach allows public health authorities to implement targeted infection control measures, 
monitor their effectiveness, and anticipate the emergence of MDR lineages, thereby mitigating the global impact on 
human and animal health (Manzoor et al., 2025). 
 
Clinical and Public Health Implications 

The emergence of multidrug resistant Escherichia coli has severe implications for clinical care and public health 
worldwide. Infections caused by these strains often compromise the effectiveness of first line antibiotics, necessitating 
the use of last resort drugs such as carbapenems or combination therapies, which may be costly, toxic, or less 
accessible in low income countries (Kumar et al., 2024; Shoaib et al., 2023). Treatment failure due to resistance is 
associated with prolonged hospitalization, increased morbidity and mortality, and higher healthcare costs. MDR E. 
coli further complicates the management of both community acquired and hospital acquired infections, including 
urinary tract infections, bloodstream infections, and neonatal sepsis (Ding et al., 2025; Kumar et al., 2024). Therefore, 
understanding the resistome and virulome of circulating strains is critical for selecting effective therapeutics and 
predicting emerging resistance trends (Shoaib et al., 2023). 

Genomic tools have revolutionized diagnostics, infection control, and individualized antimicrobial therapy. 
Whole genome sequencing and bioinformatics analyses enable rapid detection of resistance genes, virulence 
determinants, and clonal relationships, supporting precise diagnosis of infectious diseases. Integrating genomic data 
with patient history and antimicrobial susceptibility profiles can inform personalized therapy, optimizing drug 
selection and minimizing the development of further resistance (Abdi et al., 2024). At the public health level, 
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genomics aids in outbreak investigations, surveillance, and risk assessment by identifying high risk clones and 
monitoring their spread across hospitals, communities, and environmental reservoirs (Hill et al., 2023). These insights 
guide infection control measures, including isolation policies, antibiotic stewardship programs, and targeted hygiene 
interventions. Collectively, genomic surveillance combined with informed clinical management maximizes control 
of MDR E. coli, reduces the burden of antimicrobial resistance, and supports evidence based policy decisions for 
global health (Siddique et al., 2025). 
 
Emerging Technologies and Future Directions 

Advances in genomic technologies have revolutionized the surveillance, diagnosis, and management of 
multidrug resistant Escherichia coli. Real time sequencing platforms, such as portable Oxford Nanopore devices, 
facilitate genomic profiling in clinical and field settings, allowing rapid identification of resistance genes, virulence 
factors, and outbreak associated strains (Zhao et al., 2023). These approaches enable timely infection control measures 
and dynamic surveillance of high risk clones across hospitals, communities, and environmental reservoirs (Barcenilla 
Canduela, 2024). When coupled with automated bioinformatics pipelines, real time sequencing provides actionable 
data that can guide both individual patient management and public health interventions, significantly reducing the 
time delays associated with traditional culture based methods (Hossain & Chowdhury, 2024). 

Beyond surveillance, innovative therapeutic and diagnostic strategies are emerging. CRISPR based systems offer 
precise genome editing capabilities, enabling rapid detection of resistance genes or targeted elimination of specific 
MDR strains (Allemailem, 2024). Phage therapy, which employs bacteriophages to lyse resistant E. coli, provides an 
alternative to conventional antibiotics, circumventing multidrug resistance (Eid et al., 2022). Additionally, integrative 
multi-omics approaches; combining genomics, transcriptomics, proteomics, and metabolomics; provide a holistic 
understanding of bacterial physiology, resistance mechanisms, and host pathogen interactions (Lv & Fan, 2026). 
These methods facilitate the identification of novel drug targets, resistance pathways, and virulence factors, 
supporting precision medicine strategies. Collectively, the integration of real time sequencing, CRISPR technologies, 
phage therapy, and multi-omics analyses holds great promise for improving our ability to predict, prevent, and treat 
infections caused by MDR E. coli, representing a paradigm shift in clinical management and public health response 
(Wang et al., 2024). 
 
Challenges and Limitations 

Despite the transformative potential of applying genomic and bioinformatics approaches to the study of multidrug 
resistant Escherichia coli, several challenges remain. A major limitation is the complexity of data interpretation. 
Whole genome sequencing generates vast amounts of information, including resistance genes, mobile genetic 
elements, virulence determinants, and phylogenetic relationships. Distinguishing clinically relevant resistance from 
incidental genomic findings, predicting phenotypes from genotypes, and integrating genomic data with 
epidemiological and clinical metadata require advanced bioinformatics expertise and robust analytical pipelines. 
Misinterpretation of data can lead to incorrect conclusions about resistance patterns, clonal relationships, or 
transmission dynamics. 

Additional challenges include the high cost of sequencing, infrastructure requirements, and the lack of 
standardized analytical protocols. Implementing genomic surveillance in low resource settings is particularly difficult 
due to limited access to sequencing platforms, computational resources, and trained personnel. Furthermore, 
variability in genome assembly, annotation methods, and resistance gene detection between laboratories complicates 
comparisons across studies and hinders global surveillance efforts. Ethical concerns and restrictions on data sharing, 
especially regarding patient genomic information, further limit the utility of these technologies. 

To overcome these obstacles, it is essential to adopt standardized genetic workflows, implement cost effective 
sequencing technologies, provide proper training, and establish ethical frameworks for data sharing. Balancing 
privacy with the need for open access databases will enable global collaboration, facilitate comparative studies, and 
ultimately advance efforts to control and prevent MDR E. coli infections. 
 
Conclusions 

Multidrug resistant Escherichia coli represents a major global health threat due to the combined presence of 
virulence factors, antimicrobial resistance determinants, and its capacity for rapid dissemination across human, 
animal, and environmental reservoirs. The emergence of high risk clones and the widespread distribution of mobile 
genetic elements have further accelerated the global spread of resistance. This review highlights the critical role of 
genomic and bioinformatics approaches in advancing the understanding of MDR E. coli, including comprehensive 
characterization of resistomes, virulomes, plasmids, integrons, transposons, and population structure. Whole genome 
sequencing, combined with advanced bioinformatics pipelines, provides high resolution insights for outbreak 
investigations, surveillance, evolutionary analysis, and epidemiological mapping. These approaches enable precise 
identification of high risk clones and elucidate the molecular mechanisms driving multidrug resistance at local and 
global levels. 

Genomics guided strategies have significant implications for clinical management, antimicrobial stewardship, 
and public health interventions. Integration of resistome and virulome data supports prediction of resistance 
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phenotypes, optimization of antimicrobial therapy, and implementation of targeted infection control measures. Rapid 
sequencing platforms and user friendly bioinformatics tools facilitate timely detection of resistance genes and 
transmission pathways, improving real time surveillance capabilities. In addition, emerging technologies such as 
CRISPR based diagnostics, bacteriophage therapy, antimicrobial peptides, and multi-omics approaches offer 
promising alternatives for the detection, prevention, and management of MDR strains. 

Future research should prioritize the standardization of genomic data interpretation, development of globally 
harmonized analytical pipelines, and expansion of international surveillance networks within a One Health 
framework. Integrative strategies that combine genomic, phenotypic, clinical, and environmental data will be essential 
for understanding transmission dynamics and resistance evolution. Collectively, these efforts will enhance the 
capacity to prevent, monitor, and control MDR E. coli, ultimately supporting more effective treatment strategies and 
safeguarding global public health. 
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