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A B S T R A C T

Plasmids play a critical role in bacterial evolution and represent major drivers of the emergence and dissemi
nation of antimicrobial resistance. As primary mobile genetic elements (MGEs), plasmids facilitate the horizontal 
transfer of resistance determinants alongside genes associated with virulence, metabolic functions, and broader 
adaptive advantages. Recent studies have further highlighted the importance of conjugative plasmids, such as 
IncI1-like elements, in mediating the spread of extended-spectrum β-lactamase (ESBL) genes and other clinically 
relevant traits across diverse bacterial populations. Whether the recurrent detection of these plasmids is coin
cidental or reflects unique genetic features that enhance their capacity for transmission remains an important 
question in microbial genomics. In this context, the present study analyses complete genome sequences and 
whole-genome maps of Escherichia coli O157:H7 strains to characterize their antimicrobial resistance genes, 
virulence-associated loci, prophage content, and plasmid profiles. Publicly available sequences from the NCBI 
GenBank repository were examined using comparative genomic tools, including BRIG, VirulenceFinder, Res
Finder, PlasmidFinder, and PHASTEST. This work also underscores the limited availability of whole-genome data 
for E. coli O157:H7 and O157:H7NM in developing regions, particularly within African countries, highlighting 
the need for expanded genomic surveillance. Comparative analyses revealed that most strains displayed high 
genomic similarity to the reference Sakai strain, with relatively few missing regions, although a subset exhibited 
reduced homology marked by numerous gaps. Prophages, bacteriophages integrated into the bacterial genome, 
were found to contribute substantially to genomic diversity, influencing virulence potential, antimicrobial 
resistance, and patterns of horizontal gene transfer. These findings emphasize the complex role of mobile genetic 
elements in shaping the evolution of E. coli O157:H7 and reinforce the importance of continued genomic 
sequencing to further elucidate the pathogen’s diversity and adaptive mechanisms.

1. Introduction

Escherichia coli (E. coli) is a significant cause of diarrheal disease and 
mortality worldwide, especially among children in developing countries 
(Kotloff et al., 2013; Lozano et al., 2012). In any case, a subset of E. coli is 
responsible for human diseases and has been linked to foodborne ill
nesses that have become more common over the last 20 years. E. coli 
O157 is the most common part of a group of pathogenic E. coli strains 
known as enterohaemorrhagic, verocytotoxin, or Shiga-toxin-producing 
organisms (Chapman et al., 1997; Abongo and Momba, 2009). The 
primary outbreaks linked to E. coli O157 occurred in Oregon and 
Michigan, USA, in, 1982, when it was identified in individuals who 

suffered from severe diarrhea and intense stomach pain after consuming 
cheeseburgers at a restaurant chain (CDC, 1982). Contamination can 
cause gastroenteritis that will be complicated by hemorrhagic colitis or 
hemolytic-uremic syndrome (HUS), which is the most common cause of 
acute renal failure in children. Shiga toxin (Stx)-producing E. coli (STEC) 
strains causing human diseases have a place in a huge, still-increasing 
number of O:H serotypes. Most episodes and scattered cases of hemor
rhagic colitis and HUS have been ascribed to the STEC O157 strains 
(Rahimi et al., 2012; Tarr et al., 2005; Lockary et al., 2007; Werber et al., 
2007).

In 2010, diarrheal diseases caused an estimated 1.4 million deaths 
worldwide, including more than 120,000 deaths related to 
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enterotoxigenic E. coli (ETEC) and more than 88,000 deaths related to 
enteropathogenic E. coli (EPEC) (Lozano et al., 2012). Both ETEC and 
EPEC cause significant diarrheal morbidity and mortality in children. It 
occurs in developing countries (Kotloff et al., 2013; Nisa et al., 2013; 
Ochoa and Contreras, 2011). ETEC has also been identified as the 
leading cause of traveller’s diarrhea in adults worldwide (Kotloff et al., 
2013; Lozano et al., 2012; Qadri et al., 2005). Shiga toxin-producing 
E. coli (STEC) comprises a collection of genetically and phenotypically 
unique strains that exhibit significant variability in their ability to cause 
disease. Certain strains can lead to severe illness, whereas others may 
result in only mild diarrhea or no symptoms (Kotloff et al., 2013). This 
variability is partly attributed to their virulence gene repertoire. The 
genome of STEC is highly heterogeneous and is made up of a core 
genome that is preserved across STEC strains, along with accessory ge
nomes that harbor genes specific to certain strains, lineages, or lesions 
(Lozano et al., 2012; Nisa et al., 2013; Ochoa and Contreras, 2011). 
Enterohemorrhagic E. coli (EHEC) was initially defined as STEC strains 
responsible for causing hemolytic uremic syndrome (HUS) or hemor
rhagic colitis (HC). It produces enteric hemolysin and Shiga toxin (Stx), 
leading to attachment loss syndrome associated with (A/E) intestinal 
epithelial cell lesions (Qadri et al., 2005). Although the EHEC prototype, 
STEC O157:H7, is recognized as the most prevalent cause of outbreaks 
associated with STEC, non-O157 strains are increasingly identified as 
EHEC because of their connection to HUS. Certain strains, such as O157: 
H7, are representative of typical EHEC strains. (Nataro and Kaper, 1998; 
Kaper et al., 2004).

Foodborne pathogenic E. coli O157:H7 is responsible for over 96,000 
cases of diarrheal illnesses and approximately 3200 hospitalizations in 
the United States annually (Scallan et al., 2011). This pathogen can 
result in severe gastrointestinal issues, including intense diarrhea, which 
may escalate to more severe complications such as hemolytic uremic 
syndrome (HUS) and even lead to death (Karmali et al., 2010). The eae 
(which encodes intimin) and Stx (which encodes Shiga toxin) found in 
foodborne pathogenic E. coli O157:H7 strains are crucial to the devel
opment of HUS (Paton and Paton, 1998). Furthermore, a study that was 
done by Robinson et al. (2006) showed that the Shiga toxin produced by 
E. coli O157:H7 can facilitate attachment to epithelial cells and promote 
colonization in the intestines of mice. In contrast to Stx-producing E. coli 
O157:H7, strains that do not produce Stx do not generate Shiga toxin. 
While these strains can cause symptoms such as diarrhea, they are 
generally not associated with HUS, despite carrying virulence factors 
like the eae and bfpA genes (Ochoa and Contreras, 2011; Ferdous et al., 
2015).

Diarrheagenic E. coli is currently categorized into a limited number 
of groups, primarily based on the presence of specific virulence genes, 
and is classified under a single pathogenic variant (pathovar). EPEC 
strains that possess the Locus of Enterocyte Effacement (LEE) region and 
Bundle-Forming Pilus (BFP) are referred to as typical EPEC (tEPEC), 
while those that lack the BFP are designated as atypical EPEC (aEPEC) 
(Nisa et al., 2013; Nataro and Kaper, 1998; Kaper et al., 2004). In the 
meantime, ETEC is identified at the molecular level by the presence of 
heat-labile (LT) or heat-stable (ST) enterotoxins, along with a variety of 
accessory virulence factors, including the eae autotransporter 
(Fleckenstein and Kuhlmann, 2019; Fleckenstein et al., 2010). These 
canonical destructiveness variables are frequently encoded on plasmids 
or other mobile components within the segregates from each of these 
pathovars (Kaper et al., 2004; Croxen and Finlay, 2013). Regardless, 
through the identification of canonical virulent traits, several clinical 
isolates can be organized into various pathovars.

With the sequencing of additional strains of the same species, new 
characteristics are consistently uncovered. An examination of more than 
2000 E. coli genomes showed an extensive pangenome (approximately 
89,000 genes in total) and a limited core genome (around 3100 genes, 
which are maintained across all genomes) (Croxen and Finlay, 2013), 
which is attributed at least in part to its adaptable lifestyle (Anjum et al., 
2018; Brockhurst et al., 2019). STEC alternates between host and 

non-host conditions. The additional genome can be viewed as a reserve 
for STEC, equipping them effectively to adjust to different settings: 
whether from herbivorous mammals, interaction with the surroundings, 
or interaction with people. Indeed, the accessory genome is believed to 
contain information specific to particular niches and can help in tracing 
the origins of isolates. (Lupolova et al., 2019; Barth et al., 2016; Arimizu 
et al., 2019; Carter, 2017). The STEC comparative genomics showed a 
similar developmental trajectory: the gaining and losing of virulence 
genes occurred simultaneously at different points in distinct lineages 
(Nataro and Kaper, 1998; Kaper et al., 2004; Grad et al., 2013). The 
significance of Horizontal Gene Transfer (HGT) in the evolution of the 
genome and pathogenicity of STEC is far more comprehensive than we 
previously realized. The EHEC strain EDL933 and the E. coli K-12 strain 
MG1655 comparative genomic study revealed more than one thousand 
novel genes in EDL933 (Perna et al., 2001). These genes are typically 
arranged into clusters of varying sizes referred to as genomic islands 
(GIs) or islands of pathogenicity (PAIs) when virulence genes are pre
sent. GIs offer unique benefits to an organism and improve the capa
bilities of bacteria; a portion of this arises from the genes that come with 
a new GI. (Dobrindt et al., 2004). In the context of STEC, aside from 
harmful traits, characteristics associated with resistance to stress, 
self-aggregation, adherence, and biofilm formation are linked to 
genomic islands (GIs) (Montero et al., 2017; Mercer et al., 2017). These 
GIs are usually sizable, varying between 10 and 200 Kb, and they insert 
themselves into the chromosome close to tRNA genes along with 
neighbouring direct repeats (DRs), whereas transposons or insertion 
sequences (Iss) are frequently found near their termini. (Juhas, 2019). 
Consequently, GIs signify instability segments of the genetic material 
that can undergo deletion, rearrangement, and transfer, which play a 
role in the rapid evolution of STEC. (Montero et al., 2017; Bielaszewska 
et al., 2007).

The conventional methods that distinguish between Stx-positive and 
Stx-negative E. coli O157:H7 are constrained by their emphasis on 
particular selected DNA sequences in the bacterial genome, such as 
specific genes and/or short DNA segments. With advancements in next- 
generation sequencing (NGS) technologies and whole-genome 
sequencing (WGS), scientists can now evaluate and compare DNA se
quences throughout the bacterial genome. Antimicrobial resistance 
(AMR) poses a global public health challenge and has multifaceted ef
fects on the food production sector. The extensive use of antimicrobials 
in livestock production is widely acknowledged as a primary factor 
contributing to antimicrobial resistance in both people and animals. 
Antimicrobials are utilized for purposes including therapeutic and non- 
therapeutic usage, such as metaphylactic, prophylactic, and develop
ment promoters (Ochman et al., 2000). Subsequently, the development 
and spread of AMR over the farm-to-plate continuum put occupationally 
uncovered specialists (viz. ranchers, rural specialists, abattoir special
ists, nourishment handlers), their near contacts and customers after the 
nourishment chain at hazard of defilement or contamination by anti
microbial safe microscopic organisms and/or antimicrobial resistance 
genes (ARGs) (Ochman et al., 2000; Escobar-Páramo et al., 2004). ABR 
anticipation and control measures centre not only on people but also on 
creatures and their related situations (Escobar-Páramo et al., 2004).

Acquiring factors that lead to destruction via the evolving standard 
of quality exchange may pose a significant limitation that fuels the 
development and expansion of harmful microorganisms, in contrast to 
the modification of current DNA (O’Neill, 2016). A particular genomic 
foundation may be required for the integration, maintenance, and 
expression of remote DNA (O’Neill, 2016; Founou et al., 2018), and the 
advancement of pathogenic microbes regularly shows a solid ancestry 
reliance. Strains with the same pathotype have often developed from 
numerous heredities, but the hereditary factors behind such HGT are not 
completely identified. Genotypic approaches have been proposed as a 
substantial alternative to phenotypic AST since the early 1990s 
(Fleckenstein et al., 2010; Courvalin, 1994).Although genotypic tests 
have been and are broadly utilized for the discovery of AMR qualities, 
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their constrained sensitivity has prevented their application as reference 
AST strategies. (Croxen and Finlay, 2013; Anjum et al., 2018; Brockhurst 
et al., 2019). With increased accessibility and reduced costs, 
whole-genome sequencing (WGS) and next-generation sequencing 
(NGS) have emerged as a viable method for the routine characterization 
of microorganisms. NGS methods surpass other genotypic techniques for 
antimicrobial resistance (AMR) detection because they enable the 
identification of any recognized AMR gene or mutation and the dis
covery of new variants of established AMR factors (Anjum et al., 2018; 
Brockhurst et al., 2019). Furthermore, sequencing data can be stored 
indefinitely and can be re-evaluated as new AMR determinants are 
discovered through phenotypic methods (Anjum et al., 2018; Brockhurst 
et al., 2019). The primary limitation associated with any genotypic 
antimicrobial susceptibility testing (AST) approach is represented by the 
fact that only known AMR mechanisms can be detected, while resistance 
arising from novel mechanisms and/or alterations in genes, such as 
increased efflux pump activity or hetero-resistance, may be overlooked. 
Over the last ten years, at least forty-seven open-access bioinformatics 
pipelines have been developed (Anjum et al., 2018; Brockhurst et al., 
2019).

For identifying AMR qualities in NGS, information has been 
distributed in more than 100 countries (surveyed by Hendriksen et al., 
2019; Bortolaia et al., 2020; Lupolova et al., 2019) and has been created, 
but they generally need simple and quickly interpretable yields, 
including interpretation of genotypes into anticipated phenotypes 
(Bortolaia et al., 2020; Hendriksen et al., 2019). ResFinder was extended 
with PointFinder, a platform that recognizes chromosomal point trans
formations intervening resistance to selected antimicrobial agents in 
several chosen bacterial species (Bortolaia et al., 2020; Zankari et al., 
2017). Whole genome sequences accessible in STEC have shown sig
nificant qualities due to the level of HGT and genomic changes 
(Bortolaia et al., 2020; Acar et al., 1970; Davies et al., 2020; Mouton 
et al., 2018; Bader et al., 2018). Employing comparative genomics, the 
identification of pathogenicity and resistance traits, along with moni
toring harmful effects, can be accomplished through the associated 
plasmids of microorganisms that present a threat to community health. 
In the current investigation, the primary focus is to analyze the complete 
genome sequences from available E. coli O157:H7 strains identified in 
NCBI GenBank to explore possible resistance, virulence, and plasmid 
traits to distinguish between the strains. A full genome mapping for 
comparative genomics was conducted on the E. coli O157:H7. (Bortolaia 
et al., 2020; Davies et al., 2020; Mouton et al., 2018).

The global genome structure accessible by STEC exhibits widely 
varying quality due to horizontal gene transfer and genomic variation 
(Bortolaia et al., 2020; Acar et al., 1970; Davies et al., 2020; Mouton 
et al., 2018; Bader et al., 2018). Comparative genomics distinguishes 
evidence of harm from safety, distinguishes between related plasmids, 
and detects pathogenic microorganisms that pose clear health risks. The 
main objective of the investigation was to identify potential resistance 
genes, virulence genes, prophages, and plasmid properties among 
selected strains of E. coli O157:H7 from accessible strains in the GenBank 
repository. Analyze the complete genome sequences and whole-genome 
mapping to investigate the genomic differences among the strains of 
O157:H7 (Bortolaia et al., 2020; Acar et al., 1970; Davies et al., 2020; 
Mouton et al., 2018; Bader et al., 2018). Limited studies of the ecology of 
E. coli O157 have been reported, particularly from developing countries, 
more especially in African countries, as there is limited data availability 
in terms of Whole Genome Sequences of E. coli O157:H7 and E. coli 
O157:H7NM. Therefore, this study illustrates, using the available data in 
the NCBI GenBank system, the importance of conducting more genome 
sequences of this bacterium to study its pathogenicity and antimicrobial 
resistance.

2. Materials and methods

2.1. National center for biotechnology information (NCBI)

Complete genome sequences of E. coli O157:H7 were retrieved from 
the NCBI Taxonomy Browser and associated GenBank records. An initial 
search for E. coli O157:H7 identified 136 available sequences. For this 
study, only fully assembled, complete genome sequences were selected, 
while laboratory strains and incomplete assemblies were omitted. 
Strains with insufficient metadata or lacking usable sequence informa
tion were omitted to ensure consistency in comparative genomic 
analyses.

2.2. BLAST ring image generator (BRIG) analysis

Comparative chromosomal maps were generated using the BLAST 
Ring Image Generator (BRIG), which constructs circular visualizations 
based on BLAST alignments (Alikhan et al., 2011). The annotated 
chromosome of the E. coli O157:H7 Sakai strain (RIMD 0509952) served 
as the reference for all comparisons. Each selected genome was aligned 
against the reference to assess sequence conservation, regions of diver
gence, and the presence or absence of genomic islands. All analyses were 
performed using the default BRIG parameters unless otherwise specified.

2.3. Plasmid identification

The PlasmidFinder database (https://cge.cbs.dtu.dk/services/Plasm 
idFinder/) was utilized to identify the presence of plasmids within the 
E. coli O157:H7 strains (Carattoli et al., 2014; Camacho et al., 2009). 
Every sequence used in this study was consolidated into a single docu
ment and then transferred to the PlasmidFinder platform. The platform 
provides four selection options: database selection, minimum % identity 
threshold, read type selection, and minimum % coverage threshold. 
Default settings were applied, with the minimum % identity and 
coverage thresholds set to 95 % and 60 %, respectively. The Enter
obacteria database was chosen, and the analysis was performed using 
grouped or draft genomes/contigs as the selected read type.

2.4. Resistance identification

The ResFinder database (https://cge.cbs.dtu.dk/services/R 
esFinder/) was utilized to identify antimicrobial resistance genes 
(Camacho et al., 2009; Bortolaia et al., 2020; Zankari et al., 2017). All 
relevant sequences were combined into one file and uploaded to the 
platform. The tool offers four selection options: chromosomal point 
mutations, acquired antimicrobial resistance genes, species selection, 
and read type selection. For this analysis, chromosomal point mutations 
and acquired antimicrobial resistance genes were chosen. E. coli was 
selected as the species and assembled, or draft genomes/contigs were 
designated as the read type.

2.5. Virulence gene identification

The VirulenceFinder database (https://cge.cbs.dtu.dk/services/Viru 
lenceFinder/) was employed to identify virulence genes (Camacho et al., 
2009; Joensen et al., 2014; Malberg Tetzschner et al., 2020). All relevant 
sequences were combined into one file and uploaded to the platform. 
The tool provides four options for selection: species choice, identity 
percentage threshold, minimum length, and type of read. The default 
values for the identity percentage threshold and minimum length were 
used, set at 90 % and 60 %, respectively. E. coli was chosen as the spe
cies, and assembled, or draft genomes/contigs, were indicated as the 
type of read. Then, the double-hierarchical clustering heatmap, which 
shows the resemblance of the strains, was generated using Python pro
gramming language (v3.11), and the pairwise distance calculations 
among strains were determined using the Jaccard distance metric.

S.M. Gambushe et al.                                                                                                                                                                                                                          Plasmid 135 (2026) 102771 

3 

https://cge.cbs.dtu.dk/services/PlasmidFinder/
https://cge.cbs.dtu.dk/services/PlasmidFinder/
https://cge.cbs.dtu.dk/services/ResFinder/
https://cge.cbs.dtu.dk/services/ResFinder/
https://cge.cbs.dtu.dk/services/VirulenceFinder/
https://cge.cbs.dtu.dk/services/VirulenceFinder/


2.6. PHASTEST

The identification of prophages within the chromosomes of all 
strains was accomplished by retrieving the complete chromosomal se
quences of each strain from FASTA files provided by NCBI and subse
quently uploading them to PHASTEST, as PHASTER was undergoing 
maintenance at that time (Zhou et al., 2011; Arndt et al., 2016). Pro
phages were categorized into three types: intact, questionable, and 
incomplete, based on their scores. Scores exceeding ninety are catego
rized as intact, scores between 70 and 90 as questionable, and scores 
below 70 as incomplete.

2.7. Comparative genomic visualization and data extraction

Whole-genome analyses were conducted using the BLAST Ring 
Image Generator (BRIG) (Alikhan et al., 2011) to visualize the sequence 
similarity between the E. coli O157:H7 Sakai reference genome and 
various query genomes obtained from NCBI GenBank. Each BRIG map 
illustrates the reference genome at the center, encircled by concentric 
rings that represent query strains.

Sequence identity was calculated using BLASTn with default settings, 
and color gradients reflect percentage identity throughout the genome 
(ranging from 70 % to 100 %). To facilitate comparative assessments, 
data from the BRIG-generated circular alignment maps were extracted 
and transformed into categorical matrices. The presence or absence of 
homologous regions, along with the observations of conserved or 
divergent genomic segments (such as prophage regions, virulence 
islands, and plasmid-associated loci), were visually inspected and 
documented from the BRIG output images. This visual information was 
then converted into binary format (1 = present, 0 = absent) to depict 
sequence conservation across each strain in comparison to the reference 
genome.

Furthermore, PlasmidFinder results were similarly processed for 
plasmid replicon analysis. The output images, color-coded, were 
analyzed, and the presence/absence data of replicons were transcribed 
into a binary matrix corresponding to the various E. coli O157:H7 
strains. This dataset was utilized to create a double-hierarchical clus
tered heatmap, illustrating similarity patterns among strains and 
plasmid types. Data visualization and clustering were executed in Py
thon (v3.12) using the pandas, NumPy, matplotlib, and seaborn li
braries. Clustering was performed using the Euclidean distance metric 
and average linkage method to organize strains and attributes based on 
shared presence/absence patterns (supplementary information). 
Furthermore, a heatmap was generated using Heatmapper heatmapper. 
ca/expression/ Clustering was performed using the Euclidean distance 
matrix and average linkage method.

3. Results

3.1. BRIG

Whole-genome analyses performed using BRIG, together with 
average nucleotide identity (ANI) assessments, revealed that E. coli 
O157:H7 strains exhibit substantial genomic conservation relative to the 
Sakai reference strain. Most isolates demonstrated greater than 90 % 
genome coverage and high ANI values, consistent with the presence of a 
strongly conserved core genome characteristic of this lineage (Fig. 1; 
Table 1). A subset of strains shows reduced homology with ANI and 
identity values that drop into the low 90s or lower, corresponding to 
genomes with multiple gaps and divergent accessory regions. Divergent 
loci are concentrated near 1.5–2.5 Mb and 4.5–5.0 Mb in regions 
enriched in prophage insertions and mobile elements. These observa
tions indicate a conserved core genome with variable accessory regions 
contributing to observed genomic diversity. Nonetheless, several strains, 
including EC4115, EC4501, EDL933, EC4042, and EC4045, displayed 
near-complete alignment with the reference genome, reflecting minimal 

genomic divergence.
Although the overall genome structure was highly conserved, BRIG 

mapping also identified a gradient of variability across the collection of 
isolates. A subset of strains exhibited moderate to pronounced diver
gence, with ANI values ranging from approximately 80 % to 96 % and 
genome coverage between 94 % and 98 % in the most variable genomes. 
These differences were predominantly concentrated within genomic 
regions known to contain prophages, plasmid-associated sequences, and 
the locus of enterocyte effacement (LEE). Divergent zones were consis
tently observed between approximately 1.5–2.5 Mb and 4.5–5.0 Mb, 
corresponding to areas enriched in mobile genetic elements and recog
nized hotspots for recombination and horizontal gene transfer. Such 
patterns align with previously described genomic plasticity within E. coli 
O157:H7 (Ogura et al., 2015; Eppinger et al., 2011).

Across the dataset, most isolates retained key virulence determinants 
associated with pathogenicity, including Shiga toxin genes (Stx) and the 
intimin gene (eae). However, several divergent strains displayed re
ductions or gaps within plasmid-associated regions, particularly those 
encoding genes such as ehxA and katP, suggesting variable retention of 
accessory virulence factors. These gene losses corresponded with strains 
exhibiting lower homology to the Sakai reference and were typically 
associated with broader genomic deletions or rearrangements affecting 
mobile elements.

Collectively, the BRIG analysis demonstrates that while the core 
genome of E. coli O157:H7 is highly conserved across strains, notable 
differences arise primarily within regions enriched for prophages, 
plasmid sequences, and other mobile genetic elements. These variable 
loci contribute to the structural and functional diversity observed among 
isolates and reflect the dynamic evolutionary processes shaping the 
genomic architecture of this pathogen.

Fig. 1. A representative figure of comparison of BLAST Ring Image (BRIG) 
generated for E. coli O157:H7 strains, illustrating genomic similarities and 
differences between a reference strain and multiple query strains. The analysis 
was conducted using data obtained from NCBI, focusing on diverse strains 
(EC4115, EC4196, TW14389, TW14588, 2010C-4979C1, 2009EL1705, 
2009EL2109, 2011EL-2101). The BLAST Ring Image highlights the genomic 
alignments, enabling a comparative overview of genetic variations and 
conserved regions across the selected strains.
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Table 1 
Comparative Genomic Similarity Between E. coli O157:H7 Sakai Reference Strain and Other Strains Based on BRIG Analysis.

STRAIN ID SOURCE GENOME 
SIZE (MB)

COVERAGE VS 
SAKAI (%)

AVERAGE 
IDENTITY (%)

UNIQUE / DIVERGENT REGIONS NOTABLE GENETIC DIFFERENCES 
REMARKS

RIMD 
0509952 
(SAKAI)

Human (Reference) 5.59 100 100 — Reference genome; baseline for all 
comparisons

EC4115 Human 5.56 99.5 99–100 Few prophage regions Minor phage island differences, 
highly conserved strain

EC4196 Bovine Reservoir - 
Human intestinal 
microflora

5.54 99.2 98–100 Divergence near 4.5 Mb Small plasmid variation, nearly 
identical to Sakai

TW14359 Spinach bag – Human 
intestinal microflora

5.53 98.8 97–99 Small deletions in prophage 
regions

Loss of certain phage-encoded loci, 
moderate variation

TW14588 Taco John Outbreak – 
lettuce - Human

5.52 98.5 96–98 Several prophage islands are 
absent

Reduced prophage content; plasmid 
loss, distinct variant

EC4076 Human 5.54 99.6 99.8 Minor phage variation Minimal deletions, nearly identical to 
the reference

EC4113 Spinach bag – Human 
intestinal microflora

5.53 99.4 99.7 Gaps in plasmid genes Rearrangements in pO157, highly 
conserved

EC4009 Human 5.6 >99.5 ~98–99 The majority of the genome is 
conserved with few scattered low- 
identity zones

High similarity

EC4191 Spinach bag – Human 
intestinal microflora

5.6 99.0 96–98 Large, conserved regions with low 
identity spots

Slight divergence; nearly identical to 
the reference

EC4205 Bovine Reservoir - 
Human Intestinal 
microflora

5.6 98.5–99.0 95–96 Generally conserved with mild/ 
moderate gaps

A few divergent loci due to phage or 
plasmid differences

EC4084 Human 5.6 98.5–99 95–97 Most regions are conserved with 
moderate variation in 3–5 %

Regions of lower identity suggest 
divergence in mobile or phage- 
associated genes.

EC4192 Human 5.6 99 96–98 Highly conserved Similar profile to EC4009, but with 
distinct small-variable regions.

EC4127 Human 5.6 >99.5 98–99 Very similar to the Sakai strain 
with a few minor gaps

Very closely related; minimal 
divergence

FRIK2000 Bovine Reservoir - 
Human intestinal 
microflora

5.5–5.6 98.5–99 95 Most of the genome is conserved, 
with notable unique segments

Differences may involve virulence 
islands or horizontally transferred 
elements.

EC4486 Human 5.50 99.0 99.5 Minor LEE deletions Possible impact on A/E lesion genes, 
stable but slightly varied

EC4501 Taco John Outbreak – 
Human intestinal 
microflora

5.55 99.5 99.8 Minimal phage variation Highly conserved, very high identity

EC508 Human 5.53 99.3 99.7 Small prophage deletions Loss of minor islands at 4.5 Mb, 
slightly reduced content

EC536 Human 5.6 98–98.5 93–95 Moderate to high conservation 
with several moderate gaps

Genetically similar, but more 
variable than EC4127

FRIK966 Bovine Reservoir - 
Human intestinal 
microflora

5.50 99.0 99.4 Missing plasmid fragments Reduced virulence plasmid, slight 
plasmid loss

G5101 Human 5.56 97 93–95
Majority conserved with 
noticeable gaps at 1.2 Mb, 4.3 Mb

Contains more variation; potential 
loss/acquisition of pathogenicity 
islands

EDL933
Ground hamburger 
outbreak - Human 5.55 99.6 99.8 Minor prophage deletions

Nearly identical to Sakai, classical 
outbreak strain

F8092B Human 5.53 99.4 99.6 Variation at phage loci
Retains key virulence genes, 
stable clinical strain

T1543_06 Cattle 5.52 99.2 99.5 Deletions near 1.8 Mb Phage rearrangements, slight 
divergence

SS52 Environment/food 5.56 99.8 99.6
High identity; stable genome 
structure

Broad conservation, minor prophage 
loss

TW14313 Human 5.54 99.7 99.3 Minor variation due to mobile elements
Conserved backbone, limited deletions 
near phage regions,

G5303 Missing 5.58 99–100 98–99 Closely related to the reference strain Highly conserved, minor gaps at 3.8 Mb, 
5.2 Mb

H093800014 Not disclosed 5.58 99–100 97–98 Likely outbreak-associated Conserved, divergence at 2.5 Mb, 4.5 Mb

EC4042 Human 5.58 100 98–99
Nearly identical; Closely related to the 
reference strain

Entire genome, few gaps at 2.5 Mb, and 3.5 
Mb

EC4045 Human 5.58 100 98–99 Genetically similar to EC4042 Entire genome, minimal variability

EC4206
Bovine Reservoir - 
Human intestinal 
microflora

5.57 98 95–97 Possible horizontal gene transfer
Large, conserved regions, unique loci at 1 
Mb, and 4 Mb

1044 Human 5.58 99–100 98–99 Nearly identical to Sakai Highly conserved, small gaps near 3 Mb, 
5.5 Mb

1125 Human 5.58 99–100 97–98 Minimal gene acquisition
Highly conserved, few variable loci (4.7 
Mb)

(continued on next page)
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Table 1 (continued )

EC1212 Human 5.57 98–99 95–96 Mobile genetic element variation
Large, conserved core, variable segments 
(1 Mb, 4 Mb)

LSU-61 Human 5.56 97–98 93–95
Local evolution; associated with 
outbreak variant Core conserved, gaps at 2 Mb, 3.5 Mb

SS17 Bovine RSE cells 5.57 98–99 95–97 Evidence of recombination Conserved backbone, gaps near 1.5 Mb, 4.8 
Mb

EcK2188 Missing 5.53 99.5 99.0 Core genes preserved with variation in 
prophage and plasmid loci

Typical environmental variation pattern 
and adaptation

EcK4396 Missing 5.51 99.3 98.8 Rearranged mobile elements Conserved, prophage gaps
EcK5453 Missing 5.50 99.1 98.5 Phage-related gene loss Core conserved, deletions near 4.5 Mb

EcK5806 Missing 5.51 99.3 98.8 Possible host-specific adaptation
Conserved backbone, variable prophage 
regions

EcK7140 Missing 5.49 99.2 98.5 Reduction in phage/island content Core conserved, gaps at 2–2.3 Mb

EcK6590 Missing 5.47 98.9 98.0 Most divergent; reduced Sakai-like 
prophages

Core retained, loss of virulence islands

08BKT61141_454 Cattle 5.49 98.8 98.2 Host-specific adaptation Core genome intact, variation in phage loci

09BKT048303_4541 Cattle 5.52 94 80–85
Fragmented conserved regions with 
several unique regions at 2.7 Mb and 
4.5 Mb

Most divergent from the reference strain

06–4039 Human 5.54 95–96 88–91 Conserved islands are scattered with 
gaps distributed throughout

Shows moderate divergence; GC skew 
indicates HGT events.

07–3091 Human 5.55 96–97 91–93
The majority of the backbone is 
conserved, with unique regions at 2.5 
Mb and 4.8 Mb

More variation than human strains; 
possibly environmentally acquired genes.

07–3391 Human 5.54 95 85–90
Core conserved, fragmented regions 
with distinct, unique regions at 3.2 Mb

High variability; likely adapted to a non- 
human host or environment.

08–3037 Human 5.4–5.5 96.5–97.5 88–90
Patchy conservation with many gaps; 
low similarity segments

Most divergent strain in this group; distinct 
evolution, possibly environmental or 
zoonotic

08–3527 Human 5.55 96 Highly 
divergent

Highly divergent to the reference strain Moderate conservation, unique regions at 
2.8, 4.6 Mb

08–4169 Human 5.54 96 88–91 Reduced similarity; niche adaptation Scattered conserved islands, many gaps

2011EL-2099 Missing 5.53 95 85–90 Highly divergent to the reference strain
Some conserved backbone, large divergent 
regions

06–3745 Missing 5.52 94 80–85 Significant divergence; gene loss/gain
Core genome only, several large gaps (2–4 
Mb)

2009EL1449 Missing 5.55 96–97 90–92 Highly core conserved to the reference 
strain

Conserved core, large gaps at ~1 Mb, 4.2 
Mb

2009EL1913 Missing 5.54 95–96 88–90 Phage acquisition/loss is evident
Scattered conserved regions, gaps at 2–4 
Mb

08–4529 Human 5.53 94–95 85–88 Highly divergent to the reference strain Core moderately conserved, large gaps
2009C-42,581 Missing 5.52 94 80–85 Reduced virulence potential Fragmented core, large genome-wide gaps

2010C-4979C1 Missing 5.51 98.2 95–98 Gaps at 1.5–2.0 & 4.8–5.0 Mb Possible adaptation to a non-human host, 
slightly divergent

2009EL1705 Missing 5.50 97.5 94–97 Several low-identity regions Missing katP, partial ehxA, reduced 
plasmid content

2009EL2109 Missing 5.49 97.0 93–96 Multiple gaps across the genome
Truncated LEE pathogenicity island, 
lower virulence potential

2011EL-2101 Missing 5.48 96.8 93–95 Multiple low-identity loci
Major deletions in plasmid genes (ehxA, 
katP), the most divergent in the group

2011EL-2103 Missing 5.49 98.5 98.9 Missing prophage elements Gaps near tRNA-phage regions, 
environmental adaptation

2011EL-2104 Missing 5.48 98.2 98.7 Several missing regions Loss in plasmid regions, slightly divergent
2011EL-2105 Missing 5.47 98.0 98.6 Plasmid/mobile element gaps Mild divergence to the reference strain

2011EL-2106 Missing 5.46 97.8 98.4 Multiple genomic deletions
Large-scale divergence, lowest similarity in 
the set

2011EL-2107 Missing 5.49 98.5 98.9 Gaps in prophage sequences Moderate divergence

2011EL-2108 Missing 5.47 98.3 98.8 Missing mobile elements
Variations at 1.5–2.0 Mb, phage region 
divergence

2011EL-1107 Missing 5.46 98.0 98.6 Deleted plasmid genes Divergent plasmid content, lower virulence 
potential

2011EL-2090 Missing 5.45 97.7 98.4 Extensive genomic gaps
Loss of prophage/plasmid regions, most 
divergent isolate

2011EL-2091 Missing 5.5 98 93–95
The majority, with minor gaps and some 
localized divergence

Good conservation; possibly environmental 
or zoonotic source.

2011EL-2092 Missing 5.5 97.5–98.5 92–94 Substantial, but less than 2091, but 
broader scattered variations

Suggests divergence due to non-human 
host adaptation.

2011EL-2093 Missing 5.5 97–98 90–92 Moderate with increased variable 
content

More divergent, possibly due to host- 
specific adaptations.

2011EL-2094 Missing 5.5 96.5–97.5 88–90 Least conserved, with many unique or 
missing regions

Most divergent; many absent regions 
suggest loss/gain of genes or mobile 
elements.

2011EL-2096 Missing 5.5 98.0 93–95
Strong conserved backbone with 
moderate divergence in select regions

Similar to EC536 in pattern; likely zoonotic 
link

2011EL-2097 Missing 5.5 97.5–98.0 91–93 Conserved core with broader low- 
identity or missing areas

More divergence than 2096; unique gene 
regions visible

2011EL-2098 Missing 5.5 97.0–97.5 90–92
Reduced conserved regions with several 
variable islands

The pattern suggests adaptation or gene 
loss/acquisition
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3.2. Plasmids

Analysis of plasmid replicons across the 76 E. coli O157:H7 genomes 
revealed the presence of eleven distinct plasmid types: IncFIB 
(AP001918), IncFII, IncFIA, pEC4115, IncI1-I (Alpha), IncB/O/K/Z, 
Col156, IncI2 (Delta), IncN, Col(BS152), and IncFII (pSE11) (Figs. 2–3). 
The distribution of these plasmid replicons varied widely among iso
lates, reflecting considerable diversity within the accessory genome of 
this lineage.

The most frequently identified plasmid families were IncFIB and 
IncFII, both commonly associated with virulence plasmids characteristic 
of E. coli O157:H7. Several replicons, including IncB/O/K/Z, Col156, 
IncN, Col(BS152), and IncFII (pSE11), were detected only in a limited 
number of isolates, indicating that certain plasmid types are sporadically 
distributed across the dataset. These replicons often co-occurred with 
regions of genomic divergence involving mobile genetic elements, sug
gesting a potential association between plasmid carriage and variability 
in prophage or accessory gene content.

Overall, the heterogeneous pattern of plasmid replicon distribution is 
consistent with the known genomic plasticity of E. coli O157:H7. Prior 
studies have reported that plasmids carrying multiple replicons 
contribute to adaptability and may facilitate the transfer of virulence or 
antimicrobial resistance determinants within this serotype (Zhang et al., 
2021a). The observed diversity underscores the dynamic role of 

plasmids in shaping strain-to-strain variation and accessory genome 
composition.

3.3. Virulence genes

A total of 53 virulence-associated genes were identified across all 
E. coli O157:H7 genomes, encompassing categories such as toxins, LEE- 
encoded and non-LEE-encoded type III secretion system (T3SS) effec
tors, adherence factors, secretion systems, iron acquisition mechanisms, 
and autotransporters (Figs. 2–3). Core virulence genes, including aslA, 
chuA, espA, espB, fimH, tir, nleC, nlpI, and terC, were consistently present 
in all isolates, underscoring their essential role in the pathogenic po
tential of this serotype.

Variation was observed in Shiga toxin (Stx) subtypes among the 
isolates. While Stx1 and Stx2 genes were broadly conserved, the specific 
variants displayed considerable diversity, with multiple Stx2 subtype 
combinations detected across the dataset. This heterogeneity aligns with 
prior observations that Stx-encoding prophages are major contributors 
to genomic variability within E. coli O157:H7 (Karch et al., 2005).

Several accessory virulence genes also exhibited variable distribu
tion patterns among strains. Genes such as cba, efa1, colE8, ehxA, and 
fdeC were present in some isolates but absent in others, reflecting nat
ural variation within the accessory genome. These differences corre
sponded with regions of genomic divergence associated with plasmid 

Fig. 2. A double-hierarchical clustering heatmap using Heatmapper software (clustering plasmids, virulence, and antimicrobial resistance genes) of E. coli O157:H7 
strains versus genetic attributes. Parameters used include Jaccard distance with average linkage (1 = present = blue, 0 = absent = grey).
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content and prophage insertions, suggesting that mobile genetic ele
ments play a central role in shaping strain-specific virulence profiles.

Despite this diversity, LEE-encoded T3SS effectors remained highly 
conserved across all genomes analyzed, emphasizing their fundamental 
role in epithelial adherence and colonization (Wickham et al., 2019). 
Overall, the virulence gene analysis indicates that E. coli O157:H7 
maintains a stable core virulence repertoire, with variation primarily 
confined to accessory loci associated with mobile genetic elements.

3.4. Prophage analysis (PHASTEST)

Prophage analysis using PHASTEST revealed that all 76 Escherichia 
coli O157:H7 genomes contained phage-like elements, consistent with 
the mosaic genomic architecture characteristic of this lineage (Herold 
et al., 2004). The Sakai reference genome harbored 22 prophage re
gions, including 13 intact, 5 questionable, and 4 incomplete elements, 
with a GC content of 49.86 % (Table 2).

Across the dataset, the number and composition of prophages varied 
substantially among isolates. Prophage counts ranged from as few as 6 to 
as many as 30 regions per genome, reflecting notable differences in the 
extent of mobile element acquisition or loss. The highest prophage loads 
were observed in isolates such as EC4113, EC869, and EC4501, whereas 
lower prophage numbers were recorded in isolates including EC4205, 
EC4009, and EC4084. Several divergent strains, such as 2010C-4979C1, 
K4396, and K6590, displayed prophage profiles distinct from those of 
more conserved genomes, indicating independent histories of phage 
integration and recombination (Tables 2–3).

These patterns underscore the central role of prophages in contrib
uting to genomic diversification within E. coli O157:H7. Variation in 
prophage content corresponded closely with regions identified in BRIG 
analyses as sites of reduced sequence identity or structural variability, 
supporting previous findings that prophages act as major drivers of 
accessory genome evolution in this serotype (Brüssow et al., 2004; 
Ogura et al., 2015). The diversity and distribution of these phage- 
derived elements highlight their influence on horizontal gene flow, 
virulence potential, and the overall evolutionary trajectory of E. coli 
O157:H7.

3.5. Antimicrobial resistance genes

Screening for antimicrobial resistance (AMR) determinants identi
fied six resistance genes, catA1, aph(6)-Id, aph(3″)-Ib, floR, sul2, and tetA, 
present in a subset of E. coli O157:H7 genomes included in this analysis 
(Fig. 2). Among these isolates, EC4192 carried the highest number of 
AMR genes, harboring five distinct resistance determinants, whereas 
EC4401 contained only catA1. No AMR genes were detected in the Sakai 

reference genome.
The distribution of AMR genes was limited and highly variable across 

isolates, indicating that antimicrobial resistance is not uniformly 
conserved within E. coli O157:H7. Instead, AMR determinants appeared 
in isolated cases and were primarily associated with strains showing 
greater divergence in mobile genetic element regions. This pattern is 
consistent with prior observations that resistance genes within O157:H7 

Fig. 3. Hierarchical clustering heatmap of plasmid replicons, virulence factors, and antimicrobial resistance genes among Escherichia coli O157:H7 isolates.

Table 2 
Chromosomal sequences examined using PHASTEST revealed phage-like com
ponents in strains of E. coli O157:H7.

Strain name Prophages Intact Incomplete Questionable GC 
content 
%

Sakai substr. 
RIMD 22 13 5 4 49.86

1044 26 11 10 5 50,43
1125 27 12 11 4 50,32
EC508 30 20 7 3 50,65
EC536 10 2 3 5 50,24
EC869 29 19 6 4 50,54
EC1212 26 12 8 6 50,07
EC4009 7 2 3 2 50,22
EC4042 18 14 7 2 50,46
EC4045 23 19 1 3 50,47
EC4076 24 17 4 3 50,56
EC4084 7 2 1 4 50,22
EC4113 27 17 5 5 50,6
EC4115 17 15 1 1 50,41
EC4127 8 2 2 4 50,23
EC4191 9 2 3 4 50,22
EC4192 8 2 3 3 50,24
EC4196 26 14 6 6 50,55
EC4205 5 0 1 4 50,21
EC4206 20 18 1 1 50,47
EC4401 26 16 6 6 50,46
EC4486 25 14 6 5 50,42
EC4501 30 18 5 7 50,58
EDL933 15 13 1 1 50,43
F8092B 19 14 3 2 50,51
FRIK966 16 5 6 5 50,24
FRIK2000 16 6 6 4 50,18
G5101 11 3 3 5 50,59
G5303 10 5 3 2 50,13
H093800014 14 6 4 4 50,3
LSU-61 9 3 4 2 50,61
SS17 16 14 1 1 50,38
SS52 16 14 1 1 50,47
T1543_06 9 3 2 4 50,21
TW14313 10 2 5 3 50,45
TW14359 17 15 1 1 50,46
TW14588 17 16 1 0 50,45
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are often acquired through horizontal gene transfer events mediated by 
plasmids or prophage-associated regions, rather than being core 
genomic features of this lineage (Doyle et al., 1997).

These findings support the notion that AMR gene presence in E. coli 
O157:H7 is sporadic and largely linked to the acquisition or loss of 
exogenous mobile elements, reflecting the dynamic and variable nature 
of accessory genome content among strains.

3.6. Heatmap clustering and overall genomic trends

Double-hierarchical clustering of strains versus accessory genetic 
characteristics (including plasmid replicons and virulence genes) using 
double-hierarchical clustering revealed unique patterns of co- 
occurrence and grouping of isolates (Fig. 2; Table 1). Clusters charac
terized by preserved core-virulence loci (such as LEE and core T3SS 
effectors, particularly esp/tir/fimH family genes, terC, chuA, and nlpI) 
constitute a prominent central group of strains demonstrating high 
overall resemblance in essential pathogenic features. Marginal clusters 
are primarily identified by accessory characteristics: strains that are 
enriched for multiple Inc. family replicons such as IncFIB, IncFII, IncFIA, 
pEC4115 tend to cluster together with isolates that possess plasmid- 
related virulence genes, such as ehxA and katP; smaller groups are 
defined by the presence of uncommon replicons (IncB/O/K/Z, Col156, 
IncN, Col(BS152), IncFII[pSE11]) in conjunction with specific accessory 
virulence markers such as cba, efa1, or distinct non-LEE effectors.

The heatmap clearly illustrates a connection between plasmid 
possession and varying virulence content: isolates with broader plasmid 
collections generally exhibit higher numbers of accessory virulence 
genes, while genomes that lack these plasmid replicons display fewer 
accessory virulence loci. The presence of antimicrobial resistance genes 
is infrequent in this analysis, appearing as individual occurrences on the 
heatmap. In the supplementary data, only two genomes (EC4192 and 
EC4401) contain AMR determinants (EC4192: aph(6)-Id, aph(3″)-Ib, 
floR, sul2, tetA; EC4401: catA1), and these AMR markers do not cluster 
together but are found in isolation within those strains in the 
dendrogram.

Overall, the heatmap underscores the idea that plasmid replicons are 
significant indicators of accessory virulence gene abundance and that 
the co-occurrence of plasmids and virulence is a key element of genomic 
differentiation within this dataset. Using BRIG/ANI, PHASTEST, Plas
midFinder, VirulenceFinder, and targeted AMR screening, the dataset 
reveals two distinct and complementary trends. A highly conserved core 
genome. Most E. coli O157:H7 genomes closely align with the Sakai 
reference, demonstrating high genome coverage and elevated ANI for 
core regions. The majority of isolates surpass 98 % coverage/identity, 
indicating a stable and conserved backbone throughout the collection. 
Numerous strains, such as EC4115, EC4042, EC4045, and EC4501, 
exhibit nearly complete alignment with the Sakai chromosome.

4. Discussion

Gram-negative species are present worldwide. E. coli, particularly 
the strain O157:H7, has gained recognition as a significant foodborne 
pathogen linked to human illnesses due to its genome’s continual evo
lution through mutation events and horizontal gene transfer (Naidoo 
and Zishiri, 2023; Riley et al., 1983; Zhang et al., 2007; Manning et al., 
2008; Ogura et al., 2009; Eppinger et al., 2011), allowing for the 
divergence and adaptation of strains to infect carrier hosts, resulting in 
human diseases or enabling survival in external conditions (Carter et al., 
2012; Sharma et al., 2017; Carter et al., 2014). Thus, understanding the 
genomic diversity and adaptability of the O157:H7 strains is essential for 
predicting the disease’s severity, comprehending bacterial pathogenesis, 
identifying specific biomarkers, tracking origins, evaluating epidemi
ology, and developing vaccines. In this research, comparative genomics 
was used to analyze the chromosomal sequence of the E. coli strain 
O157:H7 (Sakai), intending to uncover its genetic and functional attri
butes in comparison to other extensively studied O157 strains. Available 
online bioinformatics tools were used to collect data on chromosomal 
homology, the existence of plasmids, virulence genes, resistance genes, 
and prophages in the O157:H7 reference strain (Sakai), as well as other 
pertinent strains (Carter et al., 2012; Sharma et al., 2017; Carter et al., 
2014).

Circular maps were generated using BRIG to compare the E. coli 
O157:H7 Sakai reference genome with the other strains included in this 
study and to assess overall chromosomal similarity. Several strains, such 
as EC4196, TW14588, 1044, and H093800014, demonstrated particu
larly high similarity to the reference, exhibiting minimal missing regions 
and few gaps, which indicates limited genomic variation relative to 
Sakai (Table 1). In contrast, a substantial proportion of the genomes 
showed more extensive gaps or regions of reduced homology, reflecting 
greater divergence from the reference strain. Variations within these 
chromosomal regions are consistent with differences driven by mobile 
genetic elements, including prophages and genomic islands, which are 
known to influence virulence, antimicrobial resistance, and other 
phenotypic characteristics (Naidoo & Zishiri, 2023; Ogura et al., 2009). 
Although all E. coli share a core genome of approximately 4.1 Mb, 
pathogenic lineages such as O157:H7 frequently incorporate additional 
mobile DNA phages, genomic islands, and transposons that expand 
genome size and contribute to strain-specific diversity (Ogura et al., 
2009; Sharma et al., 2019; Ohnishi et al., 2001; Perna et al., 2001). In 
pathogenic bacteria, antimicrobial resistance genes also play an 

Table 3 
Chromosomal sequences examined using PHASTEST revealed phage-like com
ponents in strains of E. coli O157:H7.

Strain name Prophages Intact Incomplete Questionable GC 
content 
%

06–3745 13 3 7 3 50,17
06–4039 11 2 6 3 50,13
07–3091 11 3 5 3 50,09
07–3391 12 3 4 5 50,14
08–3037 12 2 6 4 50,17
08–3527 13 3 6 4 50,16
08–4169 12 4 5 3 50,13
08–4529 13 4 5 4 50,13
08BKT61141 9 2 4 3 50,2
08BKT048303 9 2 4 3 50,21
2009C-4258 13 4 5 4 50,05
2009EL1449 13 5 6 2 50,22
2009EL1705 15 4 6 5 50,3
2009EL1913 13 5 3 5 50,35
2009EL2109 16 5 7 4 50,4
2010C- 

4979C1 6 2 3 1 50,1
2011EL-1107 16 4 6 6 50,36
2011EL-2090 12 3 5 4 50,17
2011EL-2091 12 4 5 3 50,19
2011EL-2092 11 4 4 3 50,21
2011EL-2093 12 4 5 3 50,2
2011EL-2094 12 4 5 3 50,21
2011EL-2096 11 4 4 3 50,22
2011EL-2097 12 3 5 4 50,18
2011EL-2098 11 4 4 3 50,21
2011EL-2099 13 3 6 4 50,2
2011EL-2101 11 4 4 3 50,19
2011EL-2103 12 3 4 5 50,14
2011EL-2104 11 3 4 4 50,12
2011EL-2105 13 3 6 4 50,12
2011EL-2106 13 3 5 5 50,11
2011EL-2107 12 3 4 5 50,11
2011EL-2108 13 3 6 4 50,11
K2188 16 5 7 4 50,37
K4396 18 5 10 3 50,29
K5453 14 3 7 4 50,26
K5806 13 6 4 3 50,28
K6590 16 4 7 5 50,27
K7140 11 3 5 3 50,14
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important role in survival against therapeutic agents, with mechanisms 
such as efflux systems mediating reduced susceptibility to antimicrobials 
(Miryala and Ramaiah, 2019; Naidoo and Zishiri, 2023).

Table 1 and Figs. 1–2 show that a subset of isolates exhibits notably 
high sequence conservation relative to the Sakai reference strain, with 
Average Nucleotide Identity (ANI) values frequently surpassing 98–99 
% and genome coverage above 95 %. These strains retained essential 
virulence determinants, including the Locus of Enterocyte Effacement 
(LEE) pathogenicity island (1.2–1.4 Mbp), which was present across all 
examined genomes, reflecting its critical role in adherence and coloni
zation (Doe et al., 2020). Shiga toxin (Stx) prophage regions, which 
contribute substantially to pathogenic potential, also remained pre
served among most isolates, consistent with the stability of these phage- 
encoded loci reported in earlier studies (Lee et al., 2019). Plasmid- 
associated virulence genes such as ehxA, espP, and katP were found 
variably distributed but were most consistently detected in strains that 
also carried IncF-family plasmid replicons.

BRIG analysis revealed recurrent regions of variability between 
approximately 1–2 Mb and 4–5.5 Mb (Table 1). These segments corre
spond to known genomic hotspots enriched in prophages and genomic 
islands and are characterized by frequent insertions, deletions, and 
recombination (Nguyen et al., 2023). Several strains displayed unique 
GC skew patterns within these variable loci, suggesting recent horizontal 
gene transfer or prophage excision events. Prophage profiling using 
PHASTEST further demonstrated considerable diversity, with prophage 
counts ranging from 6 to 30 regions per genome (Tables 2–3). Strains 
with higher prophage content generally showed greater variation in 
accessory regions, while strains with lower prophage numbers displayed 
more conserved genomic profiles. These findings reinforce the central 
role of mobile genetic elements in shaping the genomic diversity of 
E. coli O157:H7.

In contrast, several isolates such as 2011EL-2101, 2011EL-2099, 
06–3745, and 09BKT048303_4541 exhibited lower genomic coverage 
(approximately 85–93 %) and pronounced divergence in regions asso
ciated with prophage integration and mobile elements. These genomes 
contained larger numbers of gaps or reduced identity zones within 
accessory regions, reflecting strain-specific patterns of gene loss, 
acquisition, or modification of mobile elements. Despite these differ
ences, approximately 80–85 % of the genome remained conserved 
across all isolates. This conserved core included essential housekeeping 
genes, chromosomal maintenance loci, and major virulence de
terminants such as Stx, eae, and tir.

Across the dataset, GC content and GC-skew profiles were stable, 
indicating that chromosomal architecture is well maintained within this 
lineage. The divergence observed among strains therefore appears to 
arise primarily from variability in prophages, genomic islands, and 
plasmid-associated regions rather than from large-scale chromosomal 
rearrangement (Brown et al., 2012; Nguyen et al., 2023). Collectively, 
these observations highlight the interplay between a stable core genome 
and a dynamic accessory genome, driven by mobile elements that 
contribute substantially to the evolutionary trajectory of E. coli O157: 
H7. The present study identified a wide range of virulence genes across 
all E. coli O157:H7 strains analyzed (Fig. 4). Among the 53 virulence- 
associated genes detected (Fig. 2), eleven aslA, ehuA, aea-g01-gamma, 
espA, espB, espY2 (000868321), fimH, nleC, nlpI, terC, and tir were 
consistently present in 100 % of the genomes examined. These univer
sally conserved loci represent essential components of adhesion, secre
tion, and host-cell interaction mechanisms characteristic of the O157:H7 
lineage.

In contrast, several accessory virulence genes displayed variable 
distribution across strains. Genes such as astA, iss, nleB, espJ, and ompT 
were detected only in a subset of isolates, while other loci, including 
csgA, ehxA, etpD, fdeC, hylE, iha, and traT, were found exclusively in 
different, non-overlapping subsets of strains. This pattern aligns with the 
broader accessory genome variability revealed through BRIG and 
PHASTEST analyses and reflects the influence of mobile genetic 

elements in shaping virulence gene content. The virulence genes iden
tified span multiple functional categories, including adherence, iron 
acquisition, toxins, Shiga toxin components, and both LEE-encoded and 
non-LEE-encoded type III secretion system (T3SS) effectors. Among 
these, tir plays a central role as a T3SS effector that serves as the receptor 
for intimin, facilitating intimate adherence and the formation of 
attaching-and-effacing lesions typical of STEC infections. Additional 
factors, such as the tccP gene product, contribute to actin remodeling 
and are known to enhance the pathogenic profile of enterohemorrhagic 
E. coli (Noll et al., 2018; Zhang et al., 2021b; Liu et al., 2013; Liao et al., 
2013). Overall, the virulence gene distribution observed across the 
dataset emphasizes the coexistence of a highly conserved pathogenic 
core and a variable accessory repertoire influenced by horizontal gene 
transfer and mobile genetic elements.

The E. coli O157:H7 strains examined in this study exhibited limited 
antimicrobial resistance, with AMR determinants detected in only two 
isolates (Fig. 2; Supplementary Information). Strain EC4401 carried a 
chromosomal and transposon-associated variant of the chloramphenicol 
acetyltransferase gene (catA1), while strain EC4192 harbored five AMR 
genes, including aph(6)-Id and aph(3″)-Ib (aminoglycoside resistance), 
floR (florfenicol resistance), tetA (tetracycline resistance), and sul2 
(sulfonamide resistance). These genes collectively encode mechanisms 
associated with drug modification, target protection, and efflux- 
mediated resistance, consistent with the known molecular strategies 
used by E. coli to withstand antimicrobial exposure. Efflux-mediated 
resistance was also reflected by the presence of mdfA, a predicted 
membrane transporter belonging to the major facilitator superfamily 
(MFS). The mdfA gene encodes a 410-amino acid protein capable of 
exporting a broad range of cationic and zwitterionic lipophilic com
pounds, including tetracycline, rifampin, ethidium bromide, and various 
aminoglycosides (Naidoo and Zishiri, 2023; Paramita et al., 2020). 
Previous studies have shown that MdfA contributes to decreased sus
ceptibility to fluoroquinolones, erythromycin, chloramphenicol, and 
multiple other antimicrobial classes (Edgar and Bibi, 1997).

Among the 76 genomes evaluated, only one strain exhibited a set of 
AMR genes consistent with multidrug resistance, while the remaining 
isolates lacked detectable resistance determinants. This pattern in
dicates that antimicrobial resistance within the dataset is sporadic and 
strain-specific, rather than widely distributed across the E. coli O157:H7 
genomes analyzed. As observed in prior studies, even low-frequency 
acquisition of AMR genes can contribute to broader concerns 
regarding resistance development (Naidoo and Zishiri, 2023; Rijavec 
et al., 2006). Resistance in bacteria can arise through the acquisition and 
exchange of genetic material, particularly via horizontal gene transfer 
mechanisms such as conjugation, transformation, and transduction. 
Antimicrobials are widely used in agriculture, human medicine, and 
veterinary practice, and the misuse or excessive application of these 
compounds contributes significantly to the emergence and spread of 
resistance (Munita and Arias, 2016; Meek et al., 2015; Alonso et al., 
2017; Naidoo & Zishiri, 2013). Plasmids are especially important in this 
process, as they commonly carry genes associated with antimicrobial 
resistance and virulence and can mediate their transfer between bacte
rial cells (Yang et al., 2015; Villa et al., 2010).

Among the eleven plasmid replicons identified across the genomes in 
this study (Figs. 2–3), the IncF family comprising IncFIA, IncFIB, and 
IncFII was the most prevalent, consistent with prior reports highlighting 
its central role in E. coli pathogenicity and adaptation (Villa et al., 2010; 
Johnson and Nolan, 2009). IncF plasmids possess replication and 
maintenance systems supported by toxin–antitoxin modules and often 
encode multiple replicon types simultaneously, most commonly com
binations of FII with FIA and/or FIB (Lambrecht et al., 2018). Several 
plasmids detected in the dataset were present only in a limited number 
of isolates, including pEC4115, IncI1-I(Alpha), IncB/O/K/Z, Col156, 
IncI2(Delta), IncN, Col(BS152), and IncFII(pSE11) (Fig. 3). Their 
restricted distribution indicates variability within the accessory genome 
and suggests that only a subset of strains has acquired these additional 
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replicons.
Strain EC4192 carried both IncFII and IncFIB (Fig. 3), a plasmid 

combination described by Lambrecht et al. (2018) as common among 
multidrug-resistant E. coli. Consistent with this, EC4192 exhibited the 
broadest antimicrobial resistance profile in the dataset, harboring five 
AMR genes associated with resistance to aminoglycosides, florfenicol, 
tetracycline, and sulfonamides. This finding underscores the well- 
documented association between IncF plasmids and the carriage of 
diverse antimicrobial resistance determinants. Previous studies have 
noted that IncF plasmids may harbor genes conferring resistance to 
aminoglycosides, β-lactams, chloramphenicol, quinolones, and tetracy
clines, further highlighting their role in shaping resistance phenotypes in 
E. coli (Noll et al., 2018; Naidoo and Zishiri, 2023). Although the pO157 
plasmid has been extensively investigated in E. coli O157:H7, many of 
the additional plasmids detected in this study remain less well charac
terized in the literature. Nevertheless, the patterns observed here align 
with previous findings that IncF plasmids constitute a major reservoir of 
both virulence and resistance genes within this serotype and contribute 
significantly to its genomic plasticity and adaptation.

Rifampin is commonly used both therapeutically and prophylacti
cally, including for the prevention of infections caused by Staphylococcus 
and Neisseria meningitidis, and it exhibits activity against a wide range of 
bacterial pathogens such as E. coli and Pseudomonas (Weinstein and 
Zaman, 2019). Clinically, resistance to rifampin can arise under condi
tions of poor adherence, pharmacokinetic variability, or inappropriate 
antimicrobial use (Weinstein and Zaman, 2019; Arnold et al., 2017). 
Experimental studies further demonstrate that exposure to sub- 
inhibitory antimicrobial concentrations can select for resistant mu
tants, highlighting the influence of low-level drug exposure on the 
emergence of antimicrobial resistance (Kohanski et al., 2010). Rifampin 
exerts its antibacterial effect by targeting the rpoB gene product, the 
β-subunit of the DNA-dependent RNA polymerase (Campbell et al., 
2021; Weinstein and Zaman, 2019). Resistance typically results from 
point mutations within rpoB, which reduce rifampin binding affinity. 
Three regions of rpoB have been identified as mutation “hotspots,” 
where amino acid substitutions are repeatedly observed in rifampin- 
resistant strains across multiple species (Farhat et al., 2013). Even a 
single amino acid change in one of these hotspot regions can confer a 
substantial level of resistance.

Cross-resistance, a phenomenon in which resistance to one antimi
crobial confers reduced susceptibility to another, often occurs among 
drugs that share structural or mechanistic similarities (Pang et al., 2013; 
Weinstein and Zaman, 2019). For example, Oz et al. (2014) reported 
cross-resistance among gyrase inhibitors in E. coli exposed to a single 
drug, suggesting that selective pressure on one antimicrobial target can 
influence susceptibility patterns within related drug classes. Additional 
studies have indicated that exposure to a degraded by-product of a drug 
may similarly select for resistance to the parent antimicrobial (Pincock, 
2003).

The management of antimicrobial resistance is further complicated 
by treatment challenges such as adherence issues, transmission dy
namics, and the circulation of substandard or counterfeit medications. 
These products differ from quality-assured formulations in dosage ac
curacy, bioavailability, or stability, and may result from manufacturing 
deficiencies or improper storage conditions. Antimicrobials are among 
the medications most frequently affected by such quality failures, 
contributing to therapeutic inefficacy and the potential amplification of 
resistance (Johnston and Holt, 2014; van Crevel et al., 2004; Weinstein 
and Zaman, 2019). Polymyxins are polypeptide antimicrobials first 
isolated in 1947 from Paenibacillus polymyxa subsp. colistinus (Phan 
et al., 2017). Polymyxin B and colistin (polymyxin E) show potent ac
tivity against a broad spectrum of Gram-negative bacteria, including 
members of the Enterobacteriaceae. Despite their effectiveness, their 
clinical use was historically limited because of significant neurotoxic 
and nephrotoxic side effects (Wadia and Tran, 2014; Phan et al., 2017). 
The global rise of multidrug-resistant (MDR) Gram-negative pathogens, 

particularly carbapenem-resistant Enterobacteriaceae, has renewed in
terest in polymyxins as last-resort therapeutic agents (Falagas and 
Kasiakou, 2005; Falagas et al., 2008; Poirel et al., 2017; Phan et al., 
2017).

The bactericidal action of polymyxins begins with their interaction 
with the negatively charged lipopolysaccharides (LPS) of the outer 
membrane, causing increased membrane permeability, destabilization 
of the inner membrane, and eventual cell lysis (Phan et al., 2017; Velkov 
et al., 2010). The predominant mechanism of resistance involves mod
ifications of LPS that reduce its overall negative charge, thereby 
decreasing polymyxin binding affinity (Nikaido, 2003). These modifi
cations are primarily regulated by the PmrAB two-component system 
(TCS), a key determinant of polymyxin resistance across organisms such 
as Acinetobacter baumannii, E. coli, Klebsiella pneumoniae, Pseudomonas 
aeruginosa, and Salmonella enterica (Olaitan et al., 2014; Phan et al., 
2017).

The pmrCAB operon encodes the phosphoethanolamine transferase 
PmrC (also known as EptA), along with the regulatory proteins PmrA and 
PmrB. Mutations in pmrA or pmrB can constitutively activate PmrA, 
leading to increased expression of PmrC and the products of the arnB
CADTEF-pmrE operon, which mediate the addition of phosphoethanol
amine and 4-amino-4-deoxy-L-arabinose to lipid A (Olaitan et al., 2014; 
Phan et al., 2017; Poirel et al., 2017). Additional pathways contributing 
to polymyxin resistance include alterations in the PhoPQ TCS, which 
upregulates PmrAB via PmrD; binding of polymyxins by surface poly
saccharides in K. pneumoniae and P. aeruginosa; modification of Kdo with 
phosphoethanolamine in E. coli; and efflux-mediated mechanisms 
described in K. pneumoniae.

A particularly concerning development is the discovery of the 
plasmid-mediated mcr-1 gene, now reported globally in numerous bac
terial isolates (Padilla et al., 2010; Phan et al., 2017). mcr-1 encodes a 
phosphoethanolamine transferase similar to PmrC and was first identi
fied on a transferable IncI2 plasmid. Mobilization of this gene is facili
tated by the ISApl1 composite transposon, and mcr-1 has since been 
detected on multiple plasmid types as well as chromosomally integrated 
forms (Liu et al., 2015).

Polymyxin B and colistin remain critical therapeutic options for in
fections caused by uropathogenic E. coli (UPEC), a major cause of uri
nary tract infections. Within UPEC, certain globally disseminated 
multidrug-resistant lineages pose particular clinical challenges.

The clustering patterns observed for both plasmid profiles and 
virulence gene distributions indicate that E. coli O157:H7 populations 
are shaped by the interplay between a highly conserved core genome 
and a more variable accessory genome. The consistent presence of core 
virulence genes such as Stx, eae, and hemolysin-associated loci across 
the majority of isolates reflects their essential contribution to pathoge
nicity and agrees with previous findings showing that these elements are 
retained despite ongoing evolutionary pressures (Karmali et al., 2010; 
Gilmour et al., 2015). In contrast, variability in accessory virulence 
genes among certain strains demonstrates the influence of mobile ge
netic elements, niche-specific selection, and genomic rearrangements on 
strain-level diversity.

The clustering patterns also highlight the important role of plasmid 
content in differentiating isolates. Plasmids frequently encode both 
virulence and resistance determinants and serve as major drivers of 
horizontal gene transfer, facilitating the dissemination of adaptive traits 
within E. coli populations (Carattoli, 2011; Johnson and Nolan, 2009). 
The strong contribution of plasmid-associated features to cluster sepa
ration suggests that differences in plasmid composition may have a more 
substantial impact on strain divergence than variations in virulence gene 
profiles alone. Collectively, these observations emphasize that while 
E. coli O157:H7 possesses a stable set of core pathogenicity genes, and 
accessory genome components, particularly plasmids, play a pivotal role 
in shaping genomic diversity and the evolutionary trajectories of indi
vidual strains.

These findings are consistent with recent studies demonstrating that 
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E. coli O157:H7 possesses a mosaic accessory genome shaped by the 
activity of mobile genetic elements, including prophages, plasmids, and 
genomic islands (Dorneles et al., 2018; Ogura et al., 2017). Variation in 
plasmid content among the strains analyzed reflects the influence of 
diverse ecological and selective pressures, such as antimicrobial expo
sure, competition within microbial communities, and phage–bacterium 
interactions. The continuum observed from strains exhibiting highly 
conserved accessory elements to those with extensive variability sug
gests that the evolution of E. coli O157:H7 is largely driven by the se
lective gain or loss of mobile genetic components.

Patterns of prophage retention, plasmid carriage, and accessory gene 
distribution further support the view that mobile elements provide a 
flexible reservoir of genetic diversity. These components contribute to 
differences in virulence potential, genomic plasticity, and ecological 
adaptability within E. coli O157:H7 populations. Overall, the results 
reinforce the concept that prophages and plasmids play a central role in 
shaping the evolutionary trajectory of enterohemorrhagic E. coli, serving 
as dynamic sources of genetic innovation that influence both patho
genesis and environmental persistence.
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