
11 March, 2024© Crown copyright

INTRODUCTION

WORKFLOW

With the advent and development of long-read sequencing technologies, we can now generate single contiguous de novo assemblies of complex bacterial genomes containing homologous sequences. This 
facilitates the characterisation and typing of elements of the accessory genome of gastrointestinal pathogens, including those with a high bacteriophage content. 

Here we present Cóimeáil, a python pipeline which utilises both the long-read sequences and complete contiguous assemblies to derive pathogen typing data in a dual format. The data output includes all 
the components derived from the analysis of short read data, specifically bacterial identification to the species level, multi-locus sequence typing (MLST), virulence and antimicrobial gene detection and 
assessment of strain relatedness. However, by utilising the nature of long-read sequencing, Cóimeáil also delivers copy number detection of virulence and antimicrobial resistance (AMR) genes, prophage 
characterisation and plasmid typing.

Cóimeáil was designed to be modular and lightweight so the entire pipeline can be run on a standard 8GB RAM/4 CPU laptop in a sequential format.

DISCUSSION & CONCLUSIONS
l Cóimeáil operates by deriving typing data from both Nanopore reads and a long-read assembly. This provides the user with a mirror results set 

which can provide additional context where one dataset might struggle to derive a result alone. Cóimeáil, also utilises the long-read nature of the 
results to derive results that are not possible with short-read sequencing, including detection of copy number of important genes, gene localisation, 
detection of structural variation, detection of prophages and allows for downstream whole-genome/chromosome/plasmids comparisons.

l With the fast-moving field of long-read genomics it is difficult to accreditate a bioinformatics pipeline to a standard. Cóimeáil provides a framework 
for developing a locked-down version-controlled workflow. Additionally, Cóimeáil’s only requirements are the Nanopore FAST5 and raw FASTQ 
files. This means that any previous Nanopore sequencing run can be re-processed at a later date with a single command.  

l Due to the modular nature of Cóimeáil, development of new components or an entire workflow for another gastrointestinal pathogen is possible 
with the long-term goal to be able to characterise all gastrointestinal pathogens that are processed by GBRU, UKHSA. 

l Finally, work is underway to reformat the software under GBRU’s services to try to fulfil the requirements for UKAS accreditation.

ACKNOWLEDGEMENTS
The research was funded by the National Institute for Health 
Research Protection Research Unit (NIHR HPRU) in Gastrointestinal 
Infections at University of Liverpool in partnership with UK Health 
Security Agency (UKHSA) formally Public Health England (PHE), in 
collaboration with University of Warwick. The views expressed are 
those of the author(s) and not necessarily the NIHR, the Department 
of Health and Social Care or UKHSA.

REFERENCES

David R Greig1,2,3*, Ella V Rodwell1,2, Anaïs Painset1 & Claire Jenkins1,2
1) National Infection Service, United Kingdom Health Security Agency, London, NW9 5EQ, UK. 2) NIHR Health Protection Research Unit for Gastrointestinal Pathogens, 
Liverpool, UK. 3) Division of Infection and Immunity, The Roslin Institute and Royal (Dick) School of Veterinary Studies, University of Edinburgh, UK.

Cóimeáil: A Nanopore-based bioinformatics pipeline for the rapid typing 
and characterisation of gastrointestinal pathogens.

@gingerdavid92

Figure 1. Basic Cóimeáil workflow showing data progression and types of results derived. Orange = Quality control steps; Yellow = Assembly; Red = Assembly-based typing; Blue = Read-based typing. 

The typing results produced by Cóimeáil:

l Speciation – what species is this sample? [reads and assembly]
l Mixture detection [reads and assembly]
l Multi-locus sequence typing (MLST) typing [reads and assembly]

l Serotyping (somatic and flagellar antigen detection) [reads = presence/absence and assembly 
with dual detection]

l Virulence gene detection [reads = presence/absence and assembly provides with locus]

lAMR gene detection [reads = presence/absence and assembly provides with locus]

lPlasmid replicon detection [reads = presence/absence and assembly provides with locus]
lStx subtyping [reads = presence/absence and assembly provides with locus + copy number]
lProphage detection [assembly only]

lMethylation distribution on reads vs assembly of self.
lStructural Variant (SV) typing using reads vs assembly of self.
lSNP typing [reads only].
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Objectives: Shiga toxin-producing Escherichia coli (STEC) O157:H7 are zoonotic pathogens and transmission to 
humans occurs via contaminated food or contact with infected animals. The aim of this study was to describe 
the frequency, and distribution across the phylogeny, of antimicrobial resistance (AMR) determinants in STEC 
O157:H7 isolated from human cases in England. 

Methods: Short-read whole-genome sequencing data from 1473 isolates of STEC O157:H7 from all seven sub- 
lineages (Ia-Ic, IIa-IIc and I/II) were mapped to genes known to confer phenotypic resistance to 10 different 
classes of antibiotic. Long-read sequencing was used to determine the location and genomic architecture of 
the AMR determinants within phylogenetic clusters exhibiting multidrug resistance. 

Results: Overall, 216/1473 (14.7%) isolates had at least one AMR determinant, although the proportion of iso-
lates exhibiting AMR varied by sub-lineage. The highest proportion of AMR determinants were detected in sub- 
lineages Ib (28/64, 43.7%), I/II (18/51, 35.3%) and IIc (122/440, 27.7%). In all sub-lineages, the most commonly 
detected AMR determinants conferred resistance to the aminoglycosides, tetracyclines and sulphonamides, 
while AMR determinants conferring resistance to fluroquinolones, macrolides and third-generation cephalos-
porins were rarely detected. Long-read sequencing analysis showed that the AMR determinants were co- 
located on the chromosome in sub-lineages Ib and lineage I/II, whereas those associated with sub-lineage 
IIc were encoded on the chromosome and/or large plasmids. 

Conclusions: AMR genes were unevenly distributed across the different sub-lineages of STEC O157:H7 and be-
tween different clades within the same sub-lineage. Long-read sequencing facilitates tracking the transmission 
of AMR at the pathogen and mobile genetic element level. 

Introduction 
Surveillance of antimicrobial resistance (AMR) detected in gastro-
intestinal (GI) pathogens is important from both the clinical and 
public health perspective. Data on the prevalence of resistance 
to the different classes of antimicrobials informs guidance on 
the clinical management and empirical treatment of patients 
presenting with GI symptoms (https://www.bmj.com/content/ 
372/bmj.n437, https://bestpractice.bmj.com/topics/en-gb/1174). 
Monitoring of AMR contributes to the tracking of the global 
spread of multidrug resistant (MDR) GI pathogens isolated from 
patients reporting traveller’s diarrhoea and provides insight in 
to emerging MDR, and novel exposures and routes of transmis-
sion.1–6 Surveillance of zoonotic, foodborne GI pathogens such as 
Shiga toxin-producing Escherichia coli (STEC), facilitates monitoring 
the transmission of AMR from the animal reservoir to humans via 
the food chain.7,8 The analysis of short and long-read genome 

sequencing data for routine surveillance of GI pathogens enables 
us to track the acquisition and intra- and inter-species dissemin-
ation of AMR determinates on mobile genetic elements (MGE).9–15 

STEC is known to colonize the gastrointestinal tract of healthy 
ruminants, and cattle studies have shown that approximately 
20% of cattle herds are colonized with STEC O157:H7, the most 
frequently detected STEC serotype in the UK.16 Transmission to 
humans occurs via the faecal–oral route, either through con-
sumption of contaminated food or through contact with animals 
or their environments. 

There are three main lineages of STEC O157:H7 (I, II and I/II) 
and seven sub-lineages, Ia-Ic, IIa-IIc and I/II.17,18 Historically, 
the early outbreaks of STEC O157:H7 in the 1980s were caused 
by isolates belonging to lineage I/II,17,18 however, over the last 
10 years the dominant sub-lineages have been Ic, IIa, IIb and 
IIc. By contrast, strains belonging to Ia, Ib and I/II have been 
rarely detected.17,19 In the UK, sub-lineages Ic and IIb are almost 
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Abstract

Antimicrobial- resistance (AMR) genes can be transferred between microbial cells via horizontal gene transfer (HGT), which 
involves mobile and integrative elements such as plasmids, bacteriophages, transposons, integrons and pathogenicity islands. 
Bacteriophages are found in abundance in the microbial world, but their role in virulence and AMR has not fully been eluci-
dated in the Enterobacterales. With short- read sequencing paving the way to systematic high- throughput AMR gene detection, 
long- read sequencing technologies now enable us to establish how such genes are structurally connected into meaningful 
genomic units, raising questions about how they might cooperate to achieve their biological function. Here, we describe a 
novel ~98 kbp circular P1- bacteriophage- like plasmid termed ph681355 isolated from a clinical Salmonella enterica serovar 
Typhi isolate. It carries blaCTX- M- 15, an IncY plasmid replicon (repY gene) and the ISEcP1 mobile element and is, to our knowledge, 
the first reported P1- bacteriophage- like plasmid (phage- plasmid) in S. enterica Typhi. We compared ph681355 to two previ-
ously described phage- plasmids, pSJ46 from S. enterica serovar Indiana and pMCR- 1- P3 from Escherichia coli, and found high 
nucleotide similarity across the backbone. However, we saw low ph681355 backbone similarity to plasmid p60006 associated 
with the extensively drug- resistant S. enterica Typhi outbreak isolate in Pakistan, providing evidence of an alternative route 
for blaCTX- M- 15 transmission. Our discovery highlights the importance of utilizing long- read sequencing in interrogating bacte-
rial genomic architecture to fully understand AMR mechanisms and their clinical relevance. It also raises questions regarding 
how widespread bacteriophage- mediated HGT might be, suggesting that the resulting genomic plasticity might be higher than 
previously thought.

DATA SUMMARY
All fastq files and assemblies were submitted to the National Center for Biotechnology Information (NCBI). All data can be 
found under BioProject PRJNA248792 – https://www.ncbi.nlm.nih.gov/bioproject/PRJNA248792. Strain- specific details can be 
found in Methods under data deposition.
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Summary
Background Shigellosis, traditionally a foodborne and waterborne infection, causes substantial morbidity globally. It is 
now a leading cause of sexually transmitted gastroenteritis among gay, bisexual, and other men who have sex with 
men (MSM). We describe an ongoing outbreak of extensively drug-resistant (XDR) Shigella sonnei in the UK.

Methods Routine laboratory surveillance (Second Generation Surveillance System, Gastrointestinal Data Warehouse) 
identified an exceedance of S sonnei clade 5 in England, first detected in September, 2021. Cases within this clade were 
subsequently reported from Scotland, Wales, and Northern Ireland. Confirmed cases in this outbreak were defined as 
individuals diagnosed with S sonnei clade 5 in the UK, with a specimen date between Sept 1, 2021, and Feb 9, 2022, 
who were genomically confirmed as part of a ten-single nucleotide polymorphism (SNP) linkage cluster. We used 
whole-genome sequencing with SNP typing to identify genomic clusters and antimicrobial-resistance determinants, 
analysing cases across the UK. We collected demographic, epidemiological, and clinical data from people infected 
with S sonnei clade 5 in England using questionnaires (standard and bespoke outbreak questionnaires). We used 
descriptive summary statistics to characterise cases.

Findings 72 cases (70 [97%] male, median age 34 years [IQR 27–39]) belonging to the ten-SNP single linkage cluster of 
S sonnei clade 5 were identified between Sept 4, 2021, and Feb 9, 2022. Isolates were predominantly XDR, with 
66 (92%) of 72 harbouring blaCTX-M-27, a plasmid-mediated gene for production of extended-spectrum β-lactamases 
(ESBLs). Of 33 cases with clinical data, 19 (58%) received antibiotics and eight (24%) were hospitalised. 21 (78%) of 
27 cases with completed bespoke outbreak questionnaires were HIV-negative MSM taking HIV pre-exposure 
prophylaxis (PrEP) who reported sexual contacts in the UK and Europe within the incubation period.

Interpretation We highlight the rapid dissemination of XDR ESBL-producing S sonnei in sexual networks of MSM. 
We recommend strengthening shigella testing where clinically indicated, antimicrobial-resistance surveillance, 
and integrated health promotion messaging among all MSM, including PrEP users, to reduce the burden of 
shigellosis. 

Funding National Institute for Health Research Health Protection Research Unit in Gastrointestinal Infections at the 
University of Liverpool in partnership with the UK Health Security Agency.  

Crown Copyright © 2022 Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license.

Introduction
Shigella spp are Gram-negative bacteria transmitted 
through faecal–oral contact that cause acute bacillary 
dysentery; they are highly infectious with a low infective 
dose. Symptoms range from mild, self-limiting diarrhoea 
and abdominal cramps to severe colitis, bacteraemia, 
intestinal perforation, and peritonitis;1,2 however, 
infection can be asymptomatic. Shigellosis is an 
important cause of morbidity and mortality globally and 
is a leading cause of death from infectious intestinal 
disease among young children in low-income and 
middle-income countries.3 Although shigellosis in high-
income settings has been associated with travel to 
endemic regions or the consumption of contaminated 
food,4 infections are increasingly associated with sexual 
transmission among gay, bisexual, and other men who 

have sex with men (MSM). In 2019, more than half of all 
cases of shigellosis among adults in England were 
attributed to sexual transmission among MSM.5 Evidence 
suggests that faecal–oral transmission of Shigella spp is 
sustained in some sexual networks of MSM via group 
sex, multiple new partners met through geospatial apps, 
and sexualised drug use (herein referred to as chemsex).6

Although most cases of shigellosis are self-limiting and 
only require supportive care, antibiotics are used to treat 
cases with prolonged symptoms, severe colitis, or 
complications such as sepsis.7 Globally, indiscriminate 
antimicrobial use contributes to increasing antimicrobial 
resistance in all bacteria, including Shigella spp.8 WHO 
guidance for the treatment of shigellosis recommends 
ciprofloxacin as a first-line treatment, with azithromycin, 
ceftriaxone, or pivmecillinam listed as second-line 
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Increasing levels of antimicrobial resistance (AMR) have been documented in Escherichia coli 
causing travellers’ diarrhoea, particularly to the third-generation cephalosporins. Diarrhoeagenic 
E. coli (DEC) can act as a reservoir for the exchange of AMR genes between bacteria residing 
in the human gut, enabling them to survive and flourish through the selective pressures of 
antibiotic treatments. Using Oxford Nanopore Technology (ONT), we sequenced eight isolates 
of DEC from four patients’ specimens who had all recently returned to the United Kingdome 
from Pakistan. Sequencing yielded two DEC harbouring blaCTX-M-15 per patient, all with different 
sequence types (ST) and belonging to five different pathotypes. The study aimed to determine 
whether blaCTX-M-15 was located on the chromosome or plasmid and to characterise the drug-
resistant regions to better understand the mechanisms of onward transmission of AMR 
determinants. Patients A and C both had one isolate where blaCTX-M-15 was located on the 
plasmid (899037 & 623213, respectively) and one chromosomally encoded (899091 & 623214, 
respectively). In patient B, blaCTX-M-15 was plasmid-encoded in both DEC isolates (786605 & 
7883090), whereas in patient D, blaCTX-M-15 was located on the chromosome in both DEC 
isolates (542093 & 542099). The two blaCTX-M-15-encoding plasmids associated with patient 
B were different although the blaCTX-M-15-encoding plasmid isolated from 788309 (IncFIB) 
exhibited high nucleotide similarity to the blaCTX-M-15-encoding plasmid isolated from 899037 
(patient A). In the four isolates where blaCTX-M-15 was chromosomally encoded, two isolates 
(899091 & 542099) shared the same insertion site. The blaCTX-M-15 insertion site in isolate 
623214 was described previously, whereas that of isolate 542093 was unique to this study. 
Analysis of Nanopore sequencing data enables us to characterise the genomic architecture 
of mobile genetic elements encoding AMR determinants. These data may contribute to a 
better understanding of persistence and onward transmission of AMR determinants in 
multidrug-resistant (MDR) E. coli causing gastrointestinal and extra-intestinal infections.
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Abstract

The human zoonotic pathogen Escherichia coli O157:H7 is defined by its extensive prophage repertoire including those that 
encode Shiga toxin, the factor responsible for inducing life- threatening pathology in humans. As well as introducing genes that 
can contribute to the virulence of a strain, prophage can enable the generation of large- chromosomal rearrangements (LCRs) 
by homologous recombination. This work examines the types and frequencies of LCRs across the major lineages of the O157:H7 
serotype. We demonstrate that LCRs are a major source of genomic variation across all lineages of E. coli O157:H7 and by using 
both optical mapping and Oxford Nanopore long- read sequencing prove that LCRs are generated in laboratory cultures started 
from a single colony and that these variants can be recovered from colonized cattle. LCRs are biased towards the terminus 
region of the genome and are bounded by specific prophages that share large regions of sequence homology associated with 
the recombinational activity. RNA transcriptional profiling and phenotyping of specific structural variants indicated that impor-
tant virulence phenotypes such as Shiga- toxin production, type- 3 secretion and motility can be affected by LCRs. In summary, 
E. coli O157:H7 has acquired multiple prophage regions over time that act to continually produce structural variants of the 
genome. These findings raise important questions about the significance of this prophage- mediated genome contingency to 
enhance adaptability between environments.

DATA SUMMARY
All sequence files are available from the NCBI database. 
Accession numbers:
CP018237, CP015832, CP018239, CP018241, CP018243, 
CP018245, CP015831, CP018247 CP018252, CP018250, 
SAMN05544763, NC_011353, CP008957, NC_002695, 
CP010304, NC_013008, CP038414, CP038402, CP038372, 
CP038366, CP038360, CP038357, CP038353, CP038349, 
CP038344, CP038416, CP038342, CP038309, CP039834, 
CP038333, CP038292, CP038290, CP038302, CP038300, 
CP038346, CP038355, CP038351, CP038282, CP038339, 
CP038319, CP038284, CP062749, CP062746, CP062744, 
CP062742, CP062736, CP062733, CP062731, CP062780, 
CP062729, CP062727, CP062725, CP062723, CP062721, 

CP062719, CP062717, CP062715, CP062713, CP062711, 
CP062708, CP062705, CP062702, CP062700, CP062778, 
CP062774, CP062771, CP062769, CP062766, CP062761, 
CP062758, CP062755, CP062752, CP062763, CP062782, 
CP062739.

Short read archive files for strain sequenced in this study: PacBio 
- SRR15415552, SRR15415530, SRR15415529, SRR15415527, 
SRR15415523, SRR15415522, SRR15415519, SRR15415517, 
SRR15415604, SRR15415563, SRR15415603, SRR15415589, 
SRR15415598, SRR15415597, SRR15415605, SRR15415561, 
SRR15415588, SRR15415587, SRR15415606, SRR15415521, 
SRR15415518, SRR15415520, SRR15415600, SRR15415592, 
SRR15415558, SRR15376182, SRR15376181, SRR15376170, 
SRR15376159, SRR15376148, SRR15376140, SRR15376139, 
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Abstract

Compared to short- read sequencing data, long- read sequencing facilitates single contiguous de novo assemblies and charac-
terization of the prophage region of the genome. Here, we describe our methodological approach to using Oxford Nanopore 
Technology (ONT) sequencing data to quantify genetic relatedness and to look for microevolutionary events in the core and 
accessory genomes to assess the within- outbreak variation of four genetically and epidemiologically linked isolates. Analysis 
of both Illumina and ONT sequencing data detected one SNP between the four sequences of the outbreak isolates. The variant 
calling procedure highlighted the importance of masking homologous sequences in the reference genome regardless of the 
sequencing technology used. Variant calling also highlighted the systemic errors in ONT base- calling and ambiguous mapping 
of Illumina reads that results in variations in the genetic distance when comparing one technology to the other. The prophage 
component of the outbreak strain was analysed, and nine of the 16 prophages showed some similarity to the prophage in the 
Sakai reference genome, including the stx2a- encoding phage. Prophage comparison between the outbreak isolates identified 
minor genome rearrangements in one of the isolates, including an inversion and a deletion event. The ability to characterize 
the accessory genome in this way is the first step to understanding the significance of these microevolutionary events and 
their impact on the evolutionary history, virulence and potentially the likely source and transmission of this zoonotic, foodborne 
pathogen.

DATA SUMMARY
All FASTQ files and assemblies were submitted to the National 
Centre for Biotechnology Information (NCBI). All data can 
be found under BioProject: PRJNA315192 - https://www. ncbi. 
nlm. nih. gov/ bioproject/? term= PRJNA315192. Strain- specific 
details can be found in Methods under data deposition.

INTRODUCTION
Shiga toxin- producing Escherichia coli (STEC) O157:H7 is 
a human, gastrointestinal pathogen that colonizes the gut of 
healthy ruminants, particularly cattle and sheep. Symptoms 
in humans range from mild diarrhoea to include abdominal 
cramps, vomiting and severe bloody diarrhoea. In 5–15 % of 
cases, the infection can lead to the development of haemolytic 
uremic syndrome (HUS), a severe multi- system syndrome 

[1], that can be fatal, particularly in young children and 
the elderly. STEC O157:H7 has a very low infectious dose 
(10–100 organisms) and transmission to humans occurs 
through consumption of contaminated food or water, direct 
or indirect contact with animals or their environment and 
through person- to- person spread [1].
In 2015, Public Health England (PHE) implemented high- 
throughput, real- time sequencing for the surveillance of 
gastrointestinal pathogens, including STEC O157:H7. The 
detection of SNPs by mapping short reads to a single refer-
ence genome is used to identify linked cases and outbreaks of 
infectious disease. High- quality SNPs are identified based on 
validated thresholds of mapping quality, mapping depth, and 
variant ratio. SNPs that do not meet these criteria, positions 
that have no aligned reads, or invariant positions with depth 
or mapping quality less than the specified thresholds are 
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l Understanding mobile elements that harbor AMR determinants: l Characterising novel mobile genetic elements and their structure: l Trying to understand genome variation within outbreaks of GI pathogens: 

l Characterising genome plasticity in GI pathogens: 


