
29 April, 2022© Crown copyright

INTRODUCTION METHODS
Shiga toxin-producing Escherichia coli (STEC) are a group of zoonotic, foodborne pathogens 
defined by the presence of phage-encoded Shiga toxin genes (stx) [1]. STEC cause gastrointestinal 
disease in humans and symptoms include severe bloody diarrhoea, abdominal pain and nausea. In 
5-15% of cases infection leads to Haemolytic Uremic Syndrome (HUS), characterised by kidney 
failure and/or cardiac and neurological complications [1]. 
STEC O157:H7 genomes range from 5.4Mbp to 5.6Mbp in size, and a high proportion (9-15%) is 
comprised of mobile genetic elements and prophages [2].
Due to the limitations of short read sequencing technologies in handling the homologous regions of 
the STEC chromosome, information and context regarding inter and intra variation in prophages, 
structural variation and context surrounding plasmid content is lost.
We retrospectively investigated five outbreaks of Shiga toxin-producing Escherichia coli (STEC) 
O157:H7:

• Associated with consumption of contaminated leafy greens (n=18),
• Associated with consumption of contaminated mince beef (n=17),

• Associated with participation in a mud based obstacle course (n=12),
• Associated with attendance of a lambing event (n=10)
• Associated with consumption of raw drinking milk (n=23). 

The ability to scrutinise the accessory genomes of pathogens provides insight to the dynamic nature 
of the accessory genome, acquisition and loss of virulence genes and antibiotic resistance 
determinants, the genomic context of mobile genetic elements and large chromosomal 
rearrangements, that may have public health implications. 

• DNA extraction was performed using a Qiagen Qiasymphony followed by library preparation 
using the Nextera XP kit followed by sequencing on the Illumina HiSeq 2500.

• DNA extraction was also performed, using Revolugen’s Fire Monkey kit followed by library 
preparation using SQK-RBK004 (Rapid) kit and sequencing on the Oxford Nanopore 
Technologies (ONT) MinION on a FLO-MIN106D flow cell. 

• Nanopore basecalling, read trimming and read filtering were performed using Guppy v3-5 FAST, 
Porechop v0.2.4[3] and Filtlong v2[4] respectively. 

• Nanopore reads where assembled using Flye v2.8[5] and the draft was corrected suing 
Nanopolish v0.11.3[6] (ONT reads), Pilon v1.22[7] (Illumina reads) and Racon v1.3.3[8] (Illumina 
reads). 

• Prophages sequences were collected manually from annotated finalised assemblies using 
Prokka v1.14.6[9]  and compared in a pairwise format using Mash v2.2.2 [10]. 

• Both Illumina and Nanopore datasets were processed using SnapperDB v0.2.8 to determine 
relatedness as described in Greig et al 2019[11]. 

DISCUSSION & CONCLUSIONS
• Nanopore sequencing can generate information in real time leading to faster generating of results and could help to implement public health actions 

faster.  
• Nanopore sequencing can open the accessory genome of GI pathogens which is currently much more difficult with short-read sequence 

technologies.

• This ability will allow us to determine more information from the accessory genomes of GI pathogens including:
• Detection and characterisation of prophage content.
• Isolation and typing of plasmid content.

• Detection of large-scale chromosomal rearrangements and other structural variation.
• The genomes of emerging highly-pathogenic strains can be characterised rapidly and aid in our understand as to why they are more pathogenic or 

emerging more successfully. 
• The ability to characterise the accessory genome in this format is the first step to understanding the significance of these micro-evolutionary events 

and their impact on the evolutionary history, virulence, and potentially the likely source and transmission of this zoonotic, foodborne pathogen.
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Figure 1. Maximum-likelihood phylogeny showing the raw drinking milk 
outbreak cluster (A). A second maximum-likelihood phylogeny showing both 
Illumina derived and Nanopore derived SNP-typing results for each of the 
outbreak samples (B). 

0.2

437024 Illumina 2017 Human

438602 Illumina 2017 Animal

811034 Illumina 2019 Human

421196 Illumina 2017 Human

432299 Illumina 2017 Animal

Outlier

429693 Illumina 2017 Milk

429691 Illumina 2017 Milk

427603 Illumina 2017 Human

437023 Illumina 2017 Human

423917 Illumina 2017 Human

438729 Illumina 2017 Animal

437022 Illumina 2017 Human

432750 Illumina 2017 Animal

811035 Illumina 2019 Human

432297 Illumina 2017 Animal

804533 Illumina 2019 Human

432300 Illumina 2017 Animal

432301 Illumina 2017 Animal

435354 Illumina 2017 Human

437021 Illumina 2017 Human

432298 Illumina 2017 Animal

413227 Illumina 2017 Human

429692 Illumina 2017 Milk

0.1

432298 Nanopore 2017 Animal

429693 Nanopore 2017 Milk

427603 Nanopore 2017 Human

435354 Illumina 2017 Human

432298 Illumina 2017 Animal

437024 Nanopore 2017 Human

811035 Nanopore 2019 Human

432297 Illumina 2017 Animal

438729 Nanopore 2017 Animal

429691 Illumina 2017 Milk

432300 Nanopore 2017 Animal

432299 Nanopore 2017 Animal

427603 Illumina 2017 Human

423917 Nanopore 2017 Human

811034 Illumina 2019 Human

804533 Nanopore 2019 Human

437024 Illumina 2017 Human

438602 Illumina 2017 Animal

438729 Illumina 2017 Animal

432750 Nanopore 2017 Animal

437021 Illumina 2017 Human

437023 Nanopore 2017 Human

413227 Nanopore 2017 Human

432299 Illumina 2017 Animal

421196 Illumina 2017 Human

432301 Illumina 2017 Animal

438602 Nanopore 2017 Animal

423917 Illumina 2017 Human

432297 Nanopore 2017 Animal

421196 Nanopore 2017 Human

811034 Nanopore 2019 Human

413227 Illumina 2017 Human

429691 Nanopore 2017 Milk

435354 Nanopore 2017 Human

437023 Illumina 2017 Human

437022 Illumina 2017 Human

Outlier

437021 Nanopore 2017 Human

804533 Illumina 2019 Human

437022 Nanopore 2017 Human

432301 Nanopore 2017 Animal

429692 Illumina 2017 Milk

429693 Illumina 2017 Milk
429692 Nanopore 2017 Milk

432300 Illumina 2017 Animal

811035 Illumina 2019 Human

432750 Illumina 2017 Animal

A B

Figure23. Neighbour joining tree based on Jaccard 
distances of publicly available and raw drinking milk 
associated stx-encoding prophages. 
Prophages are coloured by CC11 sub-lineage. Sub-lineage 
Ia, Green; Ib, Yellow; Ic, Red; I/IIa, Blue; I/IIb, Grey; IIa, 
Orange; IIb, Black and IIc, Purple. 
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Figure 4. Easyfig[12] alignment showing the chromosome and loci of prophages 
in all samples in the petting farm associated outbreak. Stx-encoding prophage, 
Red; Prophage-like region, Blue; Locus of Enterocyte Effacement (LEE), Green 
and other non-stx-encoding prophages, Black.

l A comparison of variant calling and SNP typing of raw drinking milk 
outbreak samples between short or long read sequencing data, placed 
23/23 samples on the phylogeny within a single SNP of its pair. Only 
one sample was a single SNP from its Illumina equivalent. (Figure 1). 

l Nanopore sequencing enabled the comparison of stx-encoding 
prophages across outbreaks. This comparison showed that most stx-
encoding prophages cluster based on the STEC CC11 sub-lineage of 
their host and stx-encoding bacteriophage integration site (SBI)  
(Figure 2). 

l The prophage content of each outbreak including non-stx-encoding 
prophages was also variable. Food associated outbreaks showed a 
more conserved prophage content with animal contact and 
environmental (mud obstacle course) associated outbreaks displaying 
more prophage content variation. (Figure 3). 

l Each outbreak had varying levels of micro-evolutionary events with 
some chromosome’s being quite conserved and others containing 
many large chromosomal re-arrangements and translocations as in the 
petting farm outbreak (Figure 4). 
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Figure 3. Neighbour joining tree based on Jaccard distances of all prophages within 
samples in the obstacle course associated outbreak. Prophage clusters are coloured as 
follows: Green, shared between all samples (n=23); Yellow, shared between two 
samples or more and Red, unique to a single sample. 

Clusters are labelled with the SBI of that prophage and the number of samples that 
contained that phage. * denotes compounded prophages.


