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Glossary

Animal Health District. In the original SEERAD (1998-2000) survey Scotland was
divided into six regions, based on Veterinary Animal Health Districts (AHDs): 1 =
Islands; 2 = Highland; 3 = North East; 4 = Central; 5 = South East; 6 = South West.
AHDs are no longer used within Scotland, however, they were retained within this
study to maintain continuity.

Bacterial ‘isolate’ refers to the specific bacterium collected/isolated from a source,
such as an animal or human. In a microbiological context, as we learn more about
the properties of an isolate, it then can be referred to as a strain. Strain and isolate
are often used interchangeably.

Bacteriophages (phages) are viruses that infect bacteria; they use the bacterium as
a replication factory and kill the bacterium when they burst/escape from it. Some
phages can have a lifecycle stage where they can integrate their genome into the
bacterial genome (lysogenic) and hence their genetic code is copied along with the
bacteria. Phages that encode Shiga-toxin (Stx) are usually lysogenic.

‘Cattle’ in this document refer to the bovids sampled or studied as part of this
programme of work. For the prevalence surveys ‘cattle’ sampled were those
destined for the food chain and the majority, but not all, were beef finishing cattle.
Therefore some dairy cattle from mixed farms are included. By contrast, young male
calves from dairy farms were generally used in the transmission and vaccine studies.

Escherichia coli 0157 is a specific subtype of the E. coli species expressing the
0157 LPS surface antigen. The majority of these strains contain genes for Shiga
toxin (Stx) and can be referred to as Shiga toxigenic E. coli (STEC) 0157.

Excretion vs. shedding. These terms are generally used interchangeably in this
document to refer to the excretion/shedding of bacteria from the animal in faeces.
We generally use ‘shedding’ more in an epidemiological context and ‘excretion’ in
terms of faecal defecation.

Genome. The core genome refers to the genes present in nearly all members of a
bacterial group (usually species). If you want to compare bacterial relatedness at the
genetic level then you can analyse sequence variation in this core set of genes. The
accessory genome refers to the genes that are variably present or absent in
members of a bacterial group (usually species). The accessory genes are more likely
to be present on prophages and plasmids that may vary between bacterial isolates.

Phage type (PT) in this report refers to sub-types of E. coli 0157 determined by a
laboratory method involving testing the survival or killing of E. coli O157 isolates
when exposed to a panel of typing phages. PT21/28 is an important subtype in the
UK associated with serious human infections.



Plasmids are self-replicating closed ‘circular’ DNA molecules that are separate from
the main bacterial chromosome. Plasmids can vary in size from those that encode
just a few genes to those encoding 100s of genes. They can be present in multiple
copies in bacterial cells and usually be transferable between related bacteria.

Prophage is used to describe a phage genome when integrated into the bacterial
genome in a lysogenic state. Mutations in such prophages can mean they become
trapped in the bacterial genome and no longer can produce viable phages, these can
be then termed cryptic prophages.

Shiga toxin (Stx) is the main virulence factor associated with the pathology during
human disease and there are two main variants of the toxin Stx1 and Stx2. Each of
these can be further sub-grouped: Stx 2a, b, c, etc. The toxin genes are encoded on
integrated bacteriophage genomes within the E. coli genome and can be transferred
between strains. Shiga Toxin producing E. coli are abbreviated as STEC.

Super-shedding is a term used to describe ‘high’ excretion levels of an organism
such as a bacterium or virus from a host animal. In this context it refers to excretion
of E. coli 0157 in cattle faeces. The numerical cut-off for super-shedding has varied
in different publications and so in the context of this report we have analysed data in
relation to levels above 102 colony forming units (cfu) per gram of faeces. In most
sections this has been further subdivided into ‘moderate’ (10° to 10%) and ‘high’ (>104
cfu/g) shedding and these ranges were also tested in transmission models.

Type 3 secretion (T3S) is one of a number of different protein export system that
can be encoded by bacteria. In the case of E. coli 0157, the T3S system can export
proteins into host cells that enable the bacteria to colonise in the host’s
gastrointestinal tract.

Vaccine efficacy relates to how well a vaccine works in terms of the required
criteria. In the case of E. coli O157 in cattle it refers to how well the vaccine performs
in relation to both preventing colonisation of cattle and the extent to which it may
reduce excretion of E. coli O157 if the animal is colonised.

Whole genome sequencing (WGS) for this study refers to the sequence of DNA
bases of the bacterial genome of an isolate. This will be primarily be the sequence of
DNA the constitutes the bacterial chromosome but will also include any plasmid
DNA. Different methods for sequencing exist but in this report both ‘short-read’
lllumina and ‘long-read’ PacBio technologies were used.



Executive Summary

This research was funded to investigate Escherichia coli O157 high level excretion
(super-shedding) from cattle and the threat this poses to human health. Specifically,
the work was in four main areas:
(1) To investigate the prevalence of E. coli 0157 in cattle destined for the food
chain in separate surveys of farms in Scotland and England & Wales.
(2) To sequence cattle and human E. coli 0157 isolates and determine their
population structures and relationships with super-shedding and human disease.
(3) To determine the excretion dynamics and transmission frequencies between
cattle of wild type E. coli O157 strains under controlled experimental conditions.
(4) To test an intervention using a super-shedding strain and model the impact of
intervention based on data generated in this programme.

A significant part of the programme was based on surveys of the prevalence of E.
coli 0157 in faecal pats across 110 farms in Scotland and 160 in England & Wales
which were completed between September 2014 and November 2015. This was the
first study of E. coli 0157 to be conducted contemporaneously across Great Britain,
thus enabling comparison between Scotland and England & Wales. Although two
previous surveys had been conducted in Scotland, no national survey has ever been
conducted in England & Wales.

There was no statistically significant difference in either the herd-level prevalence
estimates (p=0.65) or the pat-level prevalence estimates (p=0.19) for E. coli O157 in
Scotland (herd level: 23.6%, 95% CIl 16.6-32.5%; pat-level: 10.6%, 95% CI 6.7-
16.3%) and in England & Wales (herd-level: 21.3%, 95% CIl 15.6-28.3%; pat-level:
6.9(4.4-10.7%). The majority of E. coli O157 isolates (over 90%) were Shiga toxin
positive, although the proportion of E. coli O157 isolates that were Shiga toxin
negative was higher in England & Wales (17%) versus Scotland (<1%) (p<0.001).
This might result in an overall lower prevalence of the more harmful STEC bacteria.
A higher proportion of samples from Scotland were in the super-shedder category
(>103 colony-forming units (cfu)/g of E. coli 0157 in the faeces) compared to samples
from England & Wales (2.4 fold more likely; p<0.0003). There was no difference
between the surveys in the likelihood of a positive farm having at least one super-
shedder sample. E. coli O157 continues to be common in British beef cattle,
reaffirming public health policy that contact with cattle and their environments is a
potential infection source.

Temporal analysis of the prevalence from all three Scottish national surveys showed
that the farm-level prevalence was not significantly different across all 3 surveys
(1998-2000; 2002-2004; 2014-2015). In Scotland approximately 21% (19%-24%) of
farms were positive for E. coli 0157 over this 17 year period. Previous farm status
was not a predictor of current status. On farm pat-level prevalence, however, was
significantly different across surveys with the second survey, IPRAVE 2002-2004,
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being significantly lower than the other surveys. There were no spatial differences in
prevalence but there were seasonal differences with higher values in the spring and
winter. There has been little change across surveys in the strain composition as
measured by Phage Type (PT). The PT21/28 stx2(a+c) strain remains dominant in
Scotland, with E. coli 0157 positive cattle on farms in Northern Scotland shedding
entirely PT21/28. PT21/28, although still associated with higher level shedding (102-
10%), is no longer associated with super-shedding at levels >10* cfu/g faeces.

There were spatial differences in strain composition (as measured by PT) across
Scotland, England & Wales. In Scotland cattle are primarily shedding PT21/28,
especially on northern farms, where 80-100% of the positive cattle were shedding
this subtype. By contrast, in England & Wales PT21/28 was only found on 3 farms
located in the North East, Wales and West Midlands. The diversity of 0157 PTs was
much higher in cattle in England & Wales compared with Scotland. The number of
UK PTs recorded, varied from regions with >4 PTs represented (e.g. West Midlands)
to regions where only one PT was represented (e.g. Yorkshire).

Data from health protection agencies in Scotland (HPS/SERL) and England & Wales
(PHE) indicate that although the trend is downwards, there has been no significant
decrease in the rates of reported human clinical cases in Great Britain since 1998
with the rates in Scotland consistently 3-fold higher than England & Wales. Our
comparative analysis of E. coli 0157 isolates from both cattle and humans indicates
that related cattle isolates can be identified for the majority of human isolates,
supporting the generally accepted concept that many of the human E. coli 0157
infections in the UK originate from a cattle source. However: (1) a subset of human
infections do not match with national cattle isolates and may be explained by travel
and non-UK food consumption and/or an alternative un-sampled reservoir; (2) cattle
specific clusters are also observed which contain strains not currently associated
with human infections. Our data affirms that while cattle are a major reservoir for
Shiga toxin positive E. coli 0157 strains that can infect humans, the vehicles and
routes for human infection are still only partially understood.

Whole genome sequencing (WGS) was used throughout the project to aid with
epidemiological analysis of E. coli O157 isolates. Under the programme, we helped
install a sequence analysis pipeline at the Scottish E. coli Reference Laboratory
(SERL), developed at PHE, to facilitate E. coli 0157 diagnostics and outbreak
investigation. Sequence data is powerful as it allows precise relationships between
isolates to be determined and therefore outbreaks to be accurately defined and
sources potentially attributed during an outbreak. For example, whether a human
infection is likely to have arisen from the local farmed animal population or by a
strain present in imported food or as a consequence of travel abroad. For E. coli
0157 subtype PT21/28, we demonstrate that the majority of human isolates can be
traced back genetically to recent ancestors present in the British cattle population.



Our WGS analysis of both historical and recent isolates from cattle and humans has
helped understand the relatively recent appearance of this potentially lethal zoonotic
disease and places our isolates into an international context. We provide evidence
that the emergence of serious human E. coli 0157 infections coincides with the
introduction of a specific sub-type of Shiga toxin (Stx2a) into our cattle reservoir.
While there are multiple types of E. coli O157 with this toxin in England & Wales, in
Scotland there is a single predominant strain type (PT21/28) producing this toxin and
this has been present for the last decade. This PT is associated with serious human
infections and potentially explains why Scotland has higher rates of human infections
with E. coli 0157 than England & Wales.

We have used the human and cattle isolate sequence data with machine-learning
approaches to investigate both ‘source attribution’ of E. coli isolates and to predict
which E. coli O157 isolates pose the greatest threat to human health. Our work
indicates that such methods can accurately predict the host or environmental niche
that an E. coli comes from. This has value for investigating the source of
contaminating bacteria in water-courses, food and human infections. The capacity to
recognise the E. coli O157 isolates that pose the greatest risk to human health could
allow more targeted interventions in livestock reservoirs, for example the use of a
vaccine on farms with such high risk strains.

Under controlled experimental conditions, we have demonstrated that a PT21/28 E.
coli O157 isolate is excreted from cattle at higher levels than an alternative subtype,
PT32. These higher levels of shedding of the organism may mean it is more likely to
colonise other animals and contaminate food/water for human consumption. We
have demonstrated that the presence of Stx2a plays an important role in establishing
high level excretion in nearby exposed animals and so this toxin is important for
maintaining specific E. coli O157 strains in the cattle reservoir through enhanced
transmission. The reason behind the advantage conferred by Stx2a in the ruminant
reservoir still remains to be determined. Our preliminary experiments did not support
a published hypothesis that Shiga toxin a (Stx2a) improved transmission and
colonisation of cattle due to killing of grazing protozoa in the rumen. A PhD study
under this programme also did not find clear evidence that the toxin provided an
advantage through immune response manipulation. On-going research will focus on
its role in aiding E. coli O157 attachment in the bovine gastrointestinal tract by
altering receptor distribution and inhibiting epithelial cell turnover.

Long-read sequencing has provided valuable insights into the evolution of E. coli
0157, in particular to show the importance of changes outside the core genome, for
example in prophage elements and plasmids. Such sequencing shows the changes
that can occur in closely related E. coli O157 isolates over very short time scales.
This was exemplified by comparison of related isolates from two outbreaks that
occurred within months at the same restaurant. Plasmid acquisition and large-scale
genome re-arrangements between the isolates altered factors that could impact on
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the likelihood and severity of human infection. Our long-read sequencing data
indicates that large scale genome re-arrangements are common in E. coli 0157
PT21/28 and we speculate that this genome plasticity may confer an adaptive
advantage to isolates and therefore contribute to its particular success as a zoonotic
pathogen.

Finally, a vaccine formulation we have developed over the last eight years based on
a combination of E. coli 0157 antigens involved in colonisation, was shown to
reduce significantly excretion levels of a stx2a+ E. coli O157 isolate from cattle as
well as limit its transmission to other in-contact calves. We have used existing
models developed to capture the transmission of E. coli O157 amongst Scottish
cattle and extended these to incorporate a deeper understanding of the super
shedding dynamics derived from the experimental trials conducted in this study. Data
from these trials was also used to provide vaccine efficacies for these models. Our
models show that annual vaccination and vaccination at the point of movement
should both be effective, but that annual vaccination should have greater and more
rapid impact. Our results show that starting with a conservative herd-level
prevalence of 28% and using models parameterised for the most transmissible strain
(the repaired PT21/28 strain) vaccinating annually is predicted to reduce herd-level
prevalence to below 1% (95% CI: 23 — 0 %) within 3 years.
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Lay Summary

Cattle are a reservoir of a specific type of E. coli bacteria known as E. coli 0157.
These bacteria can produce toxins (Shiga toxins) that can cause life-threatening
human infections. Previous work has shown that there are different subtypes of E.
coli 0157 and that the particular subtypes excreted from the cattle in the highest
amounts are those which are directly associated with the most severe human
infections. The work in this programme had four main objectives:

(1) To examine how common E. coli 0157 is across cattle farms in both Scotland
and England & Wales.

(2) To then compare (by genome sequencing) the E. coli 0157 subtypes isolated
from cattle with those isolated from human infections to understand if specific
subtypes in animals pose more of a threat to human health.

(3) To test if high level excretion (known as ‘super-shedding’) is associated with
the bacteria being able to produce a specific type of Shiga toxin, and

(4) To test a vaccine developed to limit E. coli O157 excretion from cattle and
determine if its use can be a way to prevent transmission of the bacteria
between cattle and humans.

Our research has established that levels of E. coli O157 in cattle have remained
relatively constant in Scotland over the last decade and are equivalent to those in
England & Wales. Approximately 20% of farms and 10% of animals were positive for
E. coli 0157 based on faecal pat sampling.

The diversity of E. coli subtypes in cattle was, however, much greater in England &
Wales compared to Scotland which had a high level of a certain subtype associated
with super-shedding and severe human infection. Local exposure to this subtype
may explain the higher human incidence in Scotland compared to England & Wales.

The accuracy of whole genome sequencing helps define which specific subtypes are
associated with an outbreak; it can help trace the origin of an outbreak and can be
used to make predictions about the threat to human health posed by specific
isolates.

The research established that Shiga toxin subtype 2a is important for transmission of
E. coli O157 between cattle as it enabled bystander animals in a group to become
colonised following introduction of an animal excreting E. coli O157. The trialled
vaccine limited both excretion from cattle as well as transmission to cattle and our
modelling indicates that such a vaccine should be of significant benefit in terms of
reducing human exposure and infection from E. coli O157.
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1. General Introduction

Escherichia coli is a common bacterium that can be isolated from the gastrointestinal
tracts of humans and many mammals, birds and reptiles. It is a facultative anaerobe
which means it can grow in the presence or absence of oxygen and is able grow on
a wide range of carbon and nitrogen sources. It is simple to isolate on specific agar
plates and this quality has enabled its use as an indicator of faecal contamination, for
example in water.

It is a very diverse species as it has an ‘open genome’; this means it is constantly
losing and acquiring genes. The majority of E. coli strains are commensal in nature
i.e. they are not harmful to a healthy individual. However, a subset of E. coli strains
are more virulent and can be considered overt pathogens. E. coli can cause
infections associated with the gastrointestinal tract or ‘extra-intestinal’; such as in the
urinary tract or bloodstream. Some E. coli isolates, especially those present in cattle,
can be lysogenised by phages that encode different types of Shiga toxin (Stx) and
therefore produce these toxins. A subset of the these ‘Shiga toxin producing E. coli’
(STEC) also have genes encoding factors that allow infection of the human intestinal
tract, especially a type 3 secretion system (T3SS). Strains that encode Stx and a
T3SS and have caused disease in humans can be defined as enterohaemorrhagic
E. coli (EHEC). EHEC strains can have different surface properties which are
detected by serological tests and are then referred to as serotypes. E. coli 0157 is a
common EHEC serotype, especially in the United Kingdom (UK).

E. coli O157 first appeared as a significant zoonotic threat in 1982 associated with
cases of unusual gastrointestinal disease in Oregon and Michigan. These infections
were linked to a beefburger restaurant chain. Since this time there have been a
number of important incidents including the infamous ‘Jack-in-the-box’ outbreak that
had long-standing repercussions for food safety in the United States of America
(USA). In the UK, it was the 1984 outbreak stemming from a butcher’s shop in
Lanark that announced its lethal presence, with ~20 associated deaths, and after the
published enquiry into the outbreak there was significant investment in research to
understand both the prevalence of E. coli O157 in cattle in Scotland and fundamental
research into the biology of the organism. Despite a now sophisticated
understanding of this pathogen, the levels of E. coli O157-associated human disease
in the UK have remained relatively constant over the subsequent 25-year period.

E. coli O157 is a zoonosis that originates in ruminants, in particular cattle, but causes
no obvious disease in the ruminant host. As such where the responsibility lies to
prevent or limit human infections is still a source of contention. This research was
commissioned by Food Standards Scotland (FSS) and the Food Standards Agency
(FSA) in response to recommendations from an E. coli 0157 outbreak in Wales! and
following consultation with stakeholders at a specific workshop held in 20112. It was
evident from the workshop that serious human infections normally originated from
the sub-set of E. coli O157 isolates that were excreted from cattle at high levels
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(super-shedders) and therefore a greater understanding of this link was required. In
response, proposals were invited for research that would:-

‘Improve the understanding of E. coli O157 excretion by cattle and the
super-shedding phenomenon, and how this pathogen can be controlled on-
farm. The FSA is seeking applied, useable outputs from this package of
work which can be used to inform future on-farm control strategies for
reducing the public health risk associated with this pathogen in the UK.

1.1 Escherichia coli 0157

Human infection with enterohaemorrhagic E. coli O157 can be fatal or result in life-
long morbidity including brain and kidney damage?. Based on our current
understanding, ruminants are the main host reservoir for E. coli O157 strains and in
the UK, E. coli O157 is the main serogroup associated with human disease. The
serious pathology associated with E. coli O157 infections in humans is a
consequence of the activity of Shiga toxins (Stx) which are released in the
gastrointestinal tract by the bacteria. Stx can traffic across the epithelial barrier in the
gut and can kill cells lining human blood vessels. The response to this toxin-
mediated damage can further contribute to this life-threatening infection by causing
damage to red blood cells, a condition known as haemolytic uraemic syndrome
(HUS). E. coli 0157 is the leading cause of acute paediatric renal failure and HUS in
the UK, and patients may require life-long dialysis or a kidney transplant as a
consequencel.

In Scotland, the first reported cases of human E. coli 0157 infection were identified
in 1984. Currently, Health Protection Scotland (HPS) conducts active, population-
based enhanced surveillance in close collaboration with the Scottish E. coli
0157/STEC Reference laboratory (SERL). Over the 14-year period preceding this
research application (1998-2012), HPS reported a mean of 224 (205-243) culture-
positive cases of E. coli 0157 at an annual rate of 4.37 (4.02-4.71) cases per
100,000 of the population. The figures for the UK from 2008-2017 are shown in Fig.
1.1. Rates of human E. coli O157 infection in Scotland are generally higher than in
most other UK, European and North American countries. Of the ~200 cases per year
in Scotland, over 40% required hospitalisation and almost 10% developed severe
renal complications. The severe effects of the infection are more likely to occur in
young children.
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Figure 1.1. E. coli O157 rates of per 100,000 population in the UK 2008-2017*.
Culture positive cases from the Surveillance Report STEC in Scotland 2017:
Enhanced Surveillance and Reference Laboratory Data.
hps.scot.nhs.uk/resourcedocument.aspx?id=6745

There are numerous subtyping schemes for E. coli O157 which are valuable for
epidemiological studies and outbreak investigation. There are three main lineages of
E. coli 0157 (I, I/ll & 1) but also subdivision by clades (1-9)*°. We have provided
APPENDIX A which shows E. coli 0157 phylogeny based on SNP variation and the
association with clustering by lineage and clade. It also highlights some of the main
clusters by specific countries that have significant human infection issues with E. coli
0157. In the UK, a common way to sub-type E. coli O157 strains for relatedness has
been phage typing, for which the susceptibility of a specific isolate is determined
against a bank of 16 lytic typing phages. There is a good relationship between phage
type (PT) and clustering from WGS data (APPENDIX A).

1.2. Colonisation of cattle by E. coli 0157

In 2003, our research grouping demonstrated that E. coli O157:H7 primarily
colonises the terminal rectum of cattle® (Fig. 1.2). While other sites in the
gastrointestinal tract may also be colonised, by far the highest levels of replicating
organism were recovered from this specific site. This tropism has been confirmed for
multiple strains and from naturally and experimentally-colonised animals’=°. As a
consequence, when the infected animal defecates, the faeces is coated with mucus
containing high levels of E. coli O157. We consider that ‘super-shedding’, excretion
of high levels of the bacterium (>102 per gram of faeces) requires rectal colonisation
to allow high number of bacteria to replicate and then be excreted. We can
reproduce this colonisation and super-shedding in calves following oral inoculation of
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E. coli O157. Subsequent studies have identified multiple bacterial factors important
for colonisation, including the type Il secretion system (T3S) and Shiga toxin
encoding bacteriophages®12. The bacterial T3S system injects a cocktail of about
40 different effector proteins into the host epithelial cell and these facilitate binding to
the cell and manipulation of innate signalling responses*3-15, Expression of T3S is
variable between strains and we have also demonstrated that the repertoire of Stx-
encoding bacteriophages integrated into the E. coli O157 strain impact on the
regulation of type Ill secretion?16:17,

Terminal Colon Rumen
rectum

Figure 1.2 Diagram illustrating the intestinal tract of a cow. E. coli O157
predominately colonises the terminal rectum of the animal.

We have developed a model to explain how bacterial colonisation and replication
rates interact with the host’s response leading to the patterns of excretion we
measure following experimental infection in cattle®. Stx has been shown to repress
innate responses and inhibit the proliferative capacity of local B and T cells, thereby
interfering with adaptive host responses!®?!, Stx can also aid E. coli 0157
colonisation by promoting expression of a host cell receptor for the bacterial adhesin
intimin??23 and a genome-wide screen identified stx as a factor significant for
colonisation of E. coli 0157 in young calves?*. As a consequence, variation in the
types and level of Stx expressed by E. coli 0157 are likely to be linked to levels of
E. coli O157 excreted from cattle, including super-shedding. It has also been
proposed that Stx kills grazing protozoa that predate on E. coli in the rumen?>25, In
summary, Stx function and regulation have evolved in the bovine host to promote
bacterial colonisation but when humans are infected with E. coli 0157, Stx toxin
expression can be life-threatening.
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1.3. Super-shedding from cattle

Following investigations of outbreaks, it is widely considered that ruminants, in
particular cattle, are the primary source of the E. coli O157 strains that infect
humans. Infections used to be mainly associated with consumption of undercooked
or raw meat but this has shifted to include exposure through consumption of
contaminated foods and drinks, such as salads, unpasteurised cheese, and fruit
juices, as well as direct contact with animals and their environment. A recent WHO
report has detailed food-based attribution, hazard and monitoring for STEC including
E. coli 0157%7. While E. coli 0157 has been detected in a wide spectrum of other
animal species (sheep, goat, deer, moose, swine, horse, dog, cat, pigeon, chicken,
turkey, gull), sometimes even with considerable prevalence?®??, it is evident that
ruminants harbour multiple E. coli strains that encode Stx. Specific trace-back
studies have isolated the same strains in cattle that have caused serious disease in
humans.

In a 2008 publication we proposed a specific mechanism for the link between human
infection and livestock carriage of E. coli 0157 that involved a subset of shedding
animals known as super-shedders®3°, Super-shedders are individuals who, for a
defined period (usually only a matter of days), yield more infectious organisms (here
E. coli 0157) than typical individuals of the same host species®°. The level defined in
that publication for super-shedding was 1 x 10* cfu/g faeces. While most subsequent
work has made use of 10* as a cut-off, a level of 102 for super-shedding has also
been proposed in a recent analysis®!. In the current study we have carried out
analyses with both thresholds including a ‘moderate’ category from 103-104.
Shedding high concentrations of E. coli 0157 has been proposed as a major
contributor to cattle-to-cattle transmission and possibly cattle-to-human transmission.

In an international context there have been a number of studies that have analysed
risk factors associated with super-shedding. There is some evidence that the
gastrointestinal tract microbial community may be different depending on super-
shedding status although so far these experiments have been very limited in animal
numbers analysed3233, The animal’s diet can impact on shedding of E. coli 0157
which will also inevitably alter the faecal population structure, specific factors such as
distillers’ grains have been shown to increase excretion levels of E. coli 0157343,
Cattle factors have been investigated by looking at gene expression with preliminary
data showing some association of super-shedding with T-cell responses and
cholesterol metabolism36:37,

Research centred in Scotland has been a focal point for understanding the biology
and epidemiology of super-shedding for E. coli 015753840, The central tenet of our
proposed research is that not all E. coli 0157 strains are equally likely to cause
super-shedder infections and this then relates to the isolates more likely to be
associated with disease and potentially disease severity in humans.
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1.4. E. coli O157 subtypes and the link to super-shedding.

Two surveys of Scottish store and finishing beef cattle were conducted between
1998 and 2004. The SEERAD survey (funded by the Scottish Executive Environment
and Rural Affairs Department — SEERAD 1998-2000) and IPRAVE survey (funded
by a Wellcome Foundation International Partnership Research Award in Veterinary
Epidemiology 2002-2004) represent the only reported systematic national surveys of
bovine E. coli 0157 shedding and present a valuable opportunity to examine
changes in patterns of shedding and strain characteristics. 14,849 faecal pats across
952 farms were sampled in the SEERAD survey and 12,963 pats across 481 farms
in the IPRAVE survey. A total of 1,296 E. coli O157 strains were isolated from the
SEERAD survey (n=207 farms) and 513 strains in the IPRAVE survey (n=91 farms).
In both cattle and humans, the predominant phage type (PT) between 1998 and
2004 in Scotland was PT21/28, which comprised over 50% of the positive cattle
isolates and reported human cases respectively; thus providing evidence of a link
between bovine excretion levels and human infection. In contrast, the proportion of
another subtype, PT32, was represented by relatively few (<5%) human cases in the
UK despite comprising over 10% of cattle isolates (Fig. 1.3A).
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Figure. 1.3. Phage type and relationship with host and super-shedding. (A)
Proportion of PT21/28, PT32 and ‘other’ PTs in cattle isolates and in culture positive,
non-travel related human E. coli 0157 cases with known PT results reported to HPS,
over the time periods equivalent to the SEERAD (March 1998 — May 2000) and
IPRAVE (February 2002 — February 2004) surveys®. (B) PT and distribution into
high shedders (>10%) and low shedders (<10%)%. PT21/28 is significantly associated
with high-level (>10%) shedding (chi-square=6.54; p=0.015; odds ratio=2.90 (1.18-
7.83)).

From the IPRAVE survey, 440 strains had associated count data from faecal pats
allowing identification of high-level shedders (super-shedders) and low-level
shedders (non super-shedders). Results revealed that the proportion of high-level
shedders that were PT21/28 was higher than expected by chance (p=0.015). The
odds of shedding PT21/28 were over twice as high for high-level shedders than low-
level shedders. The proportion of PT32, however, was lower than one might expect
from chance alone among high-level shedders compared with low-level shedders
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(Fig. 1.3B). This supports the contention that phage type PT21/28 is more
transmissible from cattle to both other cattle and humans compared to PT32.

1.5. Stx2 prophage association with super-shedding and human infection

A preliminary genomic comparison of the Scottish PT21/28 and the PT32 strains
showed that the major difference between them is the presence of an Stx-encoding
bacteriophage inserted at tRNA-arg encoding the stx2a allele and an 8.8kb
additional phage region within the tRNA-leu insertion site of strain 9000 (PT21/28).
This provisional genome analysis is in line with our published work*41, that
demonstrates that the majority of PT21/28 strains contain both Stx2a and Stx2c
encoding prophages whereas the majority of PT32 strains in cattle encode just
Stx2c. While the situation appears similar in humans for the PT21/28 strains, there is
a significant shift in the distribution of Stx types in the PT32 strains associated with
human infection (Fig. 1.4B), with the majority containing a Stx2a-encoding prophage.
Based on this finding, Stx phage type was analysed retrospectively by PCR across
143 IPRAVE cattle strains and the association with shedding level determined.
Strains associated with higher pat levels are significantly more likely to contain
stx2a* (Fig. 1.4A). This is in agreement with multiple international reports showing
that human infection is more likely to be associated with particular E. coli O157 strain
lineages and stx type®42-44,

As preliminary data for our application to this funding call, two strains were selected
for challenge studies in calves. The first was PT21/28 strain 9000 isolated from a
bovine faecal pat with a high level of E. coli 0157 (686,400 cfu/g) and this strain
contains both Stx2a and Stx2c prophages. The second was PT32 strain 10671
isolated from a bovine faecal pat with <100 cfu of E. coli O157. This strain contains
only a Stx2c prophage. In the pilot study, four calves were orally dosed with 10° cfu
of each strain in separate rooms that also contained two uninfected sentinel animals
to provide an indication of strain transmission under these conditions. Excretion was
monitored in faeces over a four-week period, with the four sentinel animals also
becoming positive within the first three days, although for one PT32 animal this was
very transient. Statistical analysis (of the area under the bacterial shedding curve,
AUC, which represents total shedding of E. coli 0157 over the duration of the study
period) showed that the PT21/28 strain was excreted at significantly higher levels
over the duration of the experiment and this was true for both the main orally
inoculated group and the sentinel animals (Fig. 1.4C). Therefore, it is evident that the
two strains appear representative of the epidemiological data with higher shedding
exhibited by the PT21/28 isolate. This work also demonstrates that we can use these
strains under controlled colonisation conditions and get effective transfer to sentinel
animals from which to obtain excretion curves in line with natural colonisation as
opposed to those following high dose oral administration.
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Figure 1.4. Relationship between shedding and phage type in cattle. (A) The
majority of high shedders (total number of strains analysed n=143) were stx2a+

(B) PT21/28 stx2a+ was the most prevalent O157:H7 phenotype in cattle and
humans and there were higher levels of the stx2a+ PT32 strains in humans
compared to cattle (C) Following oral challenge of calves (n=4 per strain), total
shedding of bacteria, as determined by AUC, was significantly higher for PT21/28
(stx2a, stx2c) strain 9000 compared to PT32 (stx2c only) strain 10671 (p=0.019). E.
coli 0157 naive sentinel calves (n=2 per strain) co-housed with orally challenged
calves also showed a difference in shedding level between the two phage types, with
shedding higher in sentinels calves exposed to calves shedding PT21/28 strain
9000.

1.6. Interventions to reduce excretion of E. coli O157 from cattle

A variety of different animal-targeted interventions have been investigated which
include drinking water treatments, dietary manipulations, probiotics or other feed
additives, improved farm biosecurity, use of bacteriophages and vaccines*8. A
systematic review*’ of these pre-slaughter interventions found only probiotics and
vaccines to be effective at reducing shedding of E. coli O157 in ruminants. This was
in agreement with a 2011 FSA commissioned report on the feasibility of introducing
methods in the UK for reducing shedding of E. coli O157 in cattle. The report
concluded that probiotics and vaccines (neither of which are currently commercially
available in any country) were the most promising interventions and would have
similar costs to implement in UK cattle*®. However, probiotics need to be
administered on a daily basis®® and are therefore difficult to implement in UK cattle
populations, which are generally extensively reared (i.e. not housed) during summer
and autumn periods where E. coli 0157 shedding is highest. In contrast vaccines
typically require only two to three doses and are therefore more easy to use in non-
housed cattle. We therefore chose to focus on vaccine-based interventions within
this project.

A systematic review of cattle E. coli O157 vaccines identified those that target
bacterial adherence to the gut wall and bacterial iron sequestration systems as the
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most efficacious to date*®. Only two vaccines that claim to limit E. coli 0157
shedding from cattle have obtained provisional licences. One of these was
developed by Bioniche Animal Health and is comprised of concentrated E. coli O157
culture supernatant containing a cocktail of proteins, including those secreted by the
bacterial T3S. We have worked extensively on the regulation and function of the

E. coli 0157 T3S system and have shown it is essential for colonisation of cattle0:24,
Taken together, this led us to evaluate subunit vaccines based on T3S components
which have been shown to be effective under experimental conditions®->4. The
second vaccine was developed by Epitopix and recently licenced by Pfizer Animal
Health. This relies on a ‘siderophore receptors and porin’ (SRP®) preparation
comprised of a mixture of membrane proteins extracted from bacteria cultured under
iron-limiting conditions. The Epitopix vaccine has been tested under both
experimental and field challenge conditions, including larger scale trials in North
American feedlot cattle®>%6 and there is considerable variability in how this vaccine
has performed under field conditions, suggesting that further work needs to be
carried out to define a successful vaccine formulation and how vaccines can be best
used in practice®%,

1.7 Modelling interventions and the need for excretion and transmission data
in relation to super-shedding strains.

While experimental studies of the currently available E. coli 0157 vaccines have
largely focused on the ability of the vaccines to reduce bacterial shedding from
experimentally-infected cattle, field evaluations of these vaccines have generally
examined their capacity to reduce prevalence of E. coli 0157 at the herd infection
level. However, our previous work provides evidence that shedding intensity in cattle
has two important roles. Firstly, that high shedding increases transmission between
cattle. By fitting mathematical models to field data, we have shown that high intensity
shedding is a major driver of cattle to cattle transmission3®4! and cattle shedding the
super-shedder strain, PT21/28, have over double the transmission rate of cattle
shedding a PT32 strain*?. Secondly, we have examined high intensity shedding as a
source of risk to humans and by comparing the frequencies of super-shedder and
non super-shedder strains in the cattle reservoir and in humans, we were able to
show that human risk was dominated by shedding above a threshold of around
1,300 cfu/g*t. Therefore, in order to predict how alternative vaccination strategies
would reduce prevalence and total shedding at a herd level and how effective they
might be at reducing human risk requires data on shedding intensity and
transmission rates in naturally infected, vaccinated and unvaccinated animals are
required. These parameters have been derived as part of this project using calf
sentinel experiments.

These parameters have been used in meta-population models of the national cattle
population that are currently being developed under the Scottish Government funded
SPASE project (Scottish Partnership for Animal Science Excellence:
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https://www.gov.scot/Publications/2017/09/9471/17). The models capture stochastic
transmission dynamics at the herd level coupled with infection from environmental
sources and via movements of infected animals. The data generated in these
projects will enable us to parameterise the time course of infection and
transmissibility in individual animals. Using these parameterised models we will be
able to examine how alternative vaccination strategies — differing for example in
proportion of uptake by farmers — would reduce the national prevalence of infection
in cattle and reduce the number of human infections.

1.8 Main Objectives

1. Surveys of the prevalence of E. coli 0157 across cattle farms in England & Wales
and Scotland. E. coli 0157 will be isolated from cattle faecal pats, typed and a
subset will be sequenced. These will be compared with E. coli O157 isolates from
human infections in the UK over the same time period to determine the subtypes in
cattle that are a threat to human health.

2. To determine E. coli O157 factors that contribute to super-shedding from cattle as
well as transmission between animals. This will be done by experimental challenge
of calves with strains that have different properties. A specific focus will be the role of
Shiga toxin subtype 2a (Stx2a).

3. To test a vaccine formulation using a super-shedding strain and model the impact
of on-farm interventions such as vaccines based on data generated within the
programme.
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2. Objective 1: Farm E. coli 0157 surveys and comparison of cattle and human
isolates

2.1 SUMMARY

This objective included two new structured field surveys; one in Scotland and one in England & Wales
which enabled comparison with previous cattle surveys in Scotland. The isolation and characterisation of
E. coli 0157 strains from cattle also allowed comparison with human E. coli 0157 isolates from the same
time period.

e E. coli 0157 was found in faecal pat samples collected from cattle closest to finishing on approximately
one in five of the sampled farms. This confirms the importance of cattle and their environment as
reservoirs for E. coli O157.

e Approximately 24% of Scottish farms were positive for E. coli O157. There was no significant difference
in the proportion of farms that were positive for E. coli O157 across the three national cross-sectional
surveys carried out in Scotland (1998-2015).

e Approximately 21% of the England & Wales farms were positive for E. coli O157. There were no
significant differences in either the herd or the pat-level prevalences of E. coli 0157 between Scotland
and England & Wales, but the strain types and the proportion of stx negative O157s were very different.

e In Scotland, PT21/28 was still the dominant PT in cattle, and 65% of positive farms (n=17/26) had cattle
shedding PT21/28. It is still associated with higher shedding levels (103-10%), although not with
shedding at >10* as it was during the two previous national cross-sectional surveys, SEERAD and
IPRAVE. In some areas of North East Scotland, all positive E. coli O157 isolates from cattle were
PT21/28. By contrast, PT21/28 was not the dominant PT in cattle in England & Wales, as only 9% of
positive farms (n=3/34) had cattle shedding PT21/28. There is no dominant PT in cattle in England &
Wales and there is no one singular strain sub-type that is associated with high shedding

e In Scotland, the rate of reported human clinical cases continues to be much higher (by approximately
3-fold) than in England & Wales. Both PT21/28 and stx2a have been associated with higher severity
of illness, which may explain the differences observed in human cases. Assuming that cattle are the
main reservoir, cattle in England & Wales have less PT21/28 and stx2a than cattle in Scotland.

o Risk factor analysis: the surveys were not formally designed to investigate risk factors and can only
suggest factors associated with: (1) farm E. coli O157 status; (2) the proportion of samples positive
within positive groups or (3) the presence of a super-shedder. In Scotland, season and some
management/demographic characteristics were associated with farm O157 status, including moving
breeding females onto the farm and purchase of livestock other than cattle in the year prior to sampling.
The total number of cattle aged 12-30 months on the farm was significant in Scotland as was larger
herd size in England & Wales. In both surveys, being housed was positively associated with E. coli
0157 status but potentially confounded by season. Groups with at least one super-shedder were also
more likely to have a larger proportion of samples testing positive than groups without a super-shedder.

e We helped implement routine WGS for E. coli 0157 at the Scottish E. coli O157/STEC Reference
Laboratory (SERL). In terms of public health, sequencing isolates from both farm surveys and human
infections provides a major advance in understanding what strains of E. coli 0157 are likely to be from
a domestic reservoir and supports outbreak investigations. Machine learning based on this data can
predict cattle E. coli 0157 isolates more likely to be a threat to human health.
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As this objective contained multiple sub-objectives that have required separate
reporting it has been divided up into 4 subsections (2.2-2.6) each with an
introduction, methods and results.

2.2 Two new structured surveys of farms in Scotland and England & Wales
with kept cattle intended for the food chain (DO 2.1.1)

APPENDIX B contains the table of deliverables/direct objectives (DO) for the
project

The two new structured surveys represent a major component of the programme and
they allow comparison of data with previous survey data from Scotland. The
methods and primary analysis of the two new surveys (otherwise known as the
British E. coli O157 in cattle Study, or BECS) have been published®’” (Outputl-OP1:
Henry et al 2017). This report will first provide details about the two new surveys
including methods and results, and this is then followed by a comparative analysis of
the survey data from the different time frames (2.3).

2.2.1. Introduction to the farm surveys

From September 2014 to November 2015, two structured field surveys in cattle were
conducted; one in Scotland and one in England & Wales. The primary objective of
these surveys was to estimate how many herds of cattle were likely to have at least
one animal shedding E. coli O157 in their faeces during that time period. Another
was to see how many samples (pats) were positive for E. coli O157 out of all the
samples collected (giving a pat level prevalence). These values have previously
been estimated for Scottish cattle herds in two studies; one in 1998-2000
(SEERAD)®® and one in 2002-2004 (IPRAVE)*°. The numbers of E. coli 0157
bacteria found in those samples that were positive were counted and one confirmed
E. coli O157 isolate per positive sample was archived for further use.

2.2.2 Methods: selection and sampling of farms

Scotland survey: A number of Scottish farms had participated in two earlier E. coli
0157 surveys — one carried out between 1998 and 2000 and another between 2002
and 2004. Samples from at least 110 farms were required for this new survey. These
were randomly recruited from farms that were believed to have participated in both
the previous surveys. However, it was later (during the analysis in 2.3) that we
discovered that eight of these had apparently not been included in the analysis of
both the previous surveys. These 110 farms were visited between September 2014
and September 2015. Initial postal contact was made with all the farmers that had
participated in both of the original Scottish surveys, who were known to still be in
business as registered cattle keepers and who were recorded as having at least one
bovine animal in at least one of four Cattle Tracing System categories (CTS 303,
307, 310, 311) on their farm on June 15t 2013. These categories contain cattle aged
between one and two years and cattle over two years without offspring. These
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categories were the most relevant because the target animals were groups of cattle
that would end up in the food chain, so farms with cattle in these categories would be
suitable for the survey. The initial contact letter provided information about the
survey and gave farmers the chance to opt out of taking part. Those farmers who
had not opted out were then phoned, in a randomised order, to arrange a visit to
their farm at a convenient time.

On each farm, samples of faeces were collected from fresh pats that had been
passed by the group (or groups) of cattle that were closest to being sent to slaughter.
The number of samples taken depended on the number of cattle in the group. This
number followed pre-planned protocols®’ that were developed in the earlier Scottish
surveys. The protocols were designed to ensure a 90% probability of detecting

E. coli 0157 in the group of cattle, if at least one animal were shedding the bacteria
in its faeces. The faeces samples were put into pots, then packaged and sent by
courier to the microbiology laboratory in Inverness.

The SRUC project team was responsible for farmer recruitment and sampling visits
in Scotland. Methods are detailed in reference OP1° attached as APPENDIX C.

England & Wales survey: There had been no previous comparable survey in
England & Wales. To achieve a prevalence estimate that could be compared with
the one for Scotland, it was necessary to visit a minimum of 160 farms; this was
done between September 2014 and November 2015.

To recruit farms, a randomly selected subset of suitable farms in England & Wales
was acquired from the Rural Payments Agency. These farms were recorded as
having a County/Parish/Holding (CPH) number (official designation for all registered
cattle keepers) with a premises type of Agricultural Holding, Landless Holding or
Temporary Keeper, which contained either a) at least one (non-dairy breed) female
aged one year or over, or b) at least one male (any breed) aged one year or over on
July 14t 2014,

As in Scotland, all the farmers on this subset list received an initial notification letter,
informing them of the study aims and that the survey would start shortly. This
provided them with an opportunity to opt out of participation. Those farmers who did
not opt out were then phoned, in a randomised order, to arrange a visit to their farm
at a convenient time.

The visit procedure was the same as in Scotland. Samples were collected from
freshly passed faecal pats, from the group (or groups) of cattle that were closest to
being sent to slaughter, with the numbers of samples determined by the same
protocol. The samples were packaged and sent by courier to the microbiology
laboratory in Inverness.

The recruitment and farm visits in England & Wales were done by members of the
ADAS UK Ltd. (now RSK ADAS Ltd.) project team.
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Farm management questionnaire: A farm management questionnaire was
completed in an electronic format at a face-to-face interview during each sampling
visit in both Scotland and in England & Wales. The questionnaire contained
information on how each farm was managed, including numbers of different species
of animals, approach to buying animals, management of grazing ground and people
working on the farm. There were also sections specifically asking about the group
sampled for these surveys. These sections included information on whether or not
the animals were being kept indoors at the time of sampling, whether their feed or
location had changed recently, and whether any of them had been unwell in the
weeks before sampling.

Handling data and samples: All the questionnaire information from the Scottish and
the English & Welsh farm visits was sent to the project team at the Epidemiology
Research Unit of SRUC in Inverness. It was checked for completeness and stored in
a secure database. At the microbiology laboratory in Inverness, the same techniques
that were used in the previous two Scottish surveys were applied to detect and
enumerate E. coli O157.

Isolation and identification of E. coli 0157 was done using immunomagnetic
separation (IMS)>® and enumeration by limiting dilution, performed in duplicate for
each sample®®. Real-Time Polymerase Chain Reaction (PCR) was used to confirm
the isolates as E. coli 0157 and to look for genes encoding Shiga toxin 1 and 2
(ISO/TS, 13136)>759:60,

Briefly, within 48 hours of collection, 1g of faeces was suspended in 20ml of buffered
peptone water (BPW, ThermoFisher) and incubated at 37°C for six hours. After
incubation, 20pl of serogroup 0157 IMS beads (ThermoFisher) and 1ml of BPW
were concentrated and washed three times. The washed beads were cultured on
Sorbitol MacConkey agar supplemented with cefixime and tellurite (CT-SMac,
ThermoFisher) and incubated at 37°C overnight. Non sorbitol fermenting colonies
were subcultured to Chromocult (Merck) agar and incubated at 37°C overnight.
Typical (red) colonies were confirmed as E. coli 0157 by latex agglutination
(ThermoFisher) and PCR.

Methods for prevalence estimation at herd level and pat level: By using
statistical modelling methods, the results for the number of herds that were positive
for E. coli 0157 in the current surveys can be used to estimate the number of all
similar herds across Scotland and across England & Wales that were likely to be
positive for E. coli O157 in this time period. This is known as a herd-level prevalence
estimate. Using a similar approach, the number of pat samples likely to test positive
across all similar herds in Scotland and England & Wales within this time period can
be estimated. This is known as a pat-level prevalence estimate.
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The surveys described here are samples from a wider population and not a complete
census, so a 95% confidence interval (C.I.) must be calculated for these prevalence
estimates.

The statistical methods used in this work for both herd-level and pat-level prevalence
estimation are described in more detail in Henry et al 2017°’. The methods used to
estimate herd-level prevalence were chosen so that the result for Scotland from this
survey could be compared to the results from the two previous surveys in Scotland,
and also compared to the current result from England & Wales. In the case of pat-
level prevalence, more complex statistical methods were required to enable this
comparison between time points within Scotland and between the current estimates
for Scotland and for England & Wales. These methods were necessary to account
for the particular sampling approach adopted in the second Scottish survey, between
2002 and 2004. These results are reported in the comparative analysis section (3.3).

For each survey, the number of farms on which at least one positive pat in the super-
shedder category (here defined as both >102 and >10* colony-forming units of E. coli
0157 per gram of faeces) could be found was also described. When examined using
graphical methods, the proportion of pats positive within each sampled group was
over-dispersed. This means that either there was greater variability between farms
than expected, or the data could be divided into several components.

2.2.3 Results for the two new structured surveys

Herd-level prevalence: Escherichia coli 0157 could be detected in at least one
sample from 26 of the 110 Scottish farms that were visited and 34 of the 160 farms
visited in England & Wales. E. coli O157 with stx genes were found on 25 of these
26 E. coli 0157 positive Scottish farms and 29 of the 34 E. coli O157 positive farms
from England & Wales. The outcomes of these prevalence analyses have been
published (OP1, Henry et al 2017)%".

The herd-level prevalence estimate for the survey in Scotland was therefore 23.6%,
with a 95% confidence interval for this estimate of 16.6-32.5% (Table 2.1). In
England & Wales the estimate of the number of similar herds that were likely to have
cattle shedding E. coli O157 in their faeces during the time period of the survey was
21.3%, with a confidence interval for this estimate of 15.6-28.3% (Table 2.1) There is
no statistical difference in this herd-level value between the two current surveys (i.e.
between Scotland and England & Wales).
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Table 2.1. Herd- and pat-level prevalence estimates for the new British E. coli
0157 in Cattle Study (BECS) for 2014-2015

Survey Herd-level prevalence estimate | Pat-level prevalence estimate
[95% confidence interval] [95% confidence interval]

BECS (2014-15) | 23.6% 10.6%

Scotland [16.6 — 32.5%)] [6.7 - 16.3%)]

BECS (2014-15) | 21.3% 6.9%

England & [15.6 — 28.3] [4.4 —10.7%)]

Wales

Pat-level prevalence estimates: The outcomes of these prevalence analyses have
been published®’. A herd can be positive without all of the samples collected from
that herd being positive, so the total number of samples (faecal pats) that were
positive in each survey overall was investigated.

A total of 2,763 faecal pats were collected from all the farms in the Scotland survey,

of which 647 came from the positive farms. Of these samples, 287 were positive for

E. coli O157. In Scotland, 10.6% of the pat samples collected across all farms were

estimated to contain E. coli 0157, with a 95% confidence interval for this estimate of
6.7-16.3% (Table 2.1).

In the England & Wales survey, 2,913 faecal pats were collected from all the farms
visited, of which 778 were collected from the positive farms. Of these pat samples,
234 were positive for E. coli O157. In England & Wales, 6.9% of the samples
collected across all farms were estimated to contain E. coli O157, with a confidence
interval for this estimate of 4.4-10.7%. (Table 2.1).

There is no statistical difference in this pat-level prevalence estimate between the
two current surveys.

Cut-offs for classifying super-shedder samples: There has been some debate
about the quantity of E. coli 0157 bacteria a sample should contain for it to be
classified as a super-shedder sample®3°3°, For the prevalence study, two different
cut-off values were used: 102 (i.e. 1000) and 10* (i.e. 10000) colony-forming units
per gram (cfu/g) of sample. Samples with a bacterial count of over 102 cfu/g were
found on 10 of the 26 positive farms in Scotland and on 13 of the 34 positive farms in
England & Wales. Samples with a bacterial count of over 10* cfu/g were found on
nine of the 26 positive farms in Scotland and on seven of the 34 positive farms in
England & Wales.

2.3 Comparative analyses of survey data (DO 2.1.1 cont.)
This section of the report focuses on the comparison of prevalences and strain
composition within the current survey and across the historical surveys conducted in
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Scotland. The comparative analyses were performed at three different levels (Table
2.2) examining the prevalence (in cattle) and incidence (in human) as well as
differences in strain composition using Phage Type and stx subtyping. Overall
differences were examined in addition to differences associated with season, Animal
Health District (AHD, Fig. 2.1) and shedding level. Seasons were defined as winter,
comprising December, January, and February; spring, comprising March, April and
May; summer, comprising June, July and August; and autumn, comprising
September, October and November. Six regions, based on Veterinary Animal Health
Districts (AHDs) were defined: 1 = Islands; 2 = Highland; 3 = North East; 4 = Central,
5 = South East; 6 = South West. AHDs are no longer used within Scotland, however,
they were retained within this study to maintain continuity. Shedding was classified
as low-level (low, <10%), moderate-level (moderate, 103-10%) and high-level (high,
super-shedding, >10%) based on the number of cfu/g of faeces. This was done to
capture the historical and more modern definitions of super-shedding. Whole
genome sequencing results are presented in a later section (2.5) led by Public
Health England (PHE).

Figure 2.1. Animal Health Divisions (AHDs) based on Veterinary AHDs: 1 =
Highland; 2 = North East; 3 = Central; 4 = South West; 5 = South East; 6 = Islands.

Animal Health Divisions %
6 $

kilometres
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Table 2.2. Level of comparison including a description of the comparison that
will be performed

Level Description

1 Cattle only, within Scotland. A. prevalence?*; B. strain composition

2 Cattle only, Scotland versus England & Wales; A. prevalence*; B. strain
composition

3 Cattle versus human, Scotland versus England & Wales. A. prevalence,;

B. strain composition

*Prevalence calculations for Survey 3 (BECS: 2014-2015) are provided above and in
Henry et al 20175,

2.3.1 Level 1A: Comparison of current Scottish cattle E. coli O157
prevalence estimates to historical prevalence values

Between March 1998 and September 2015, three cross sectional surveys were
conducted in Scotland (Fig. 2.2). The field sampling methodologies for all surveys
have been published*®57:58 however, a brief outline is given below and in Fig. 2.2
highlighting how the survey methodology differed between the three surveys.

All surveys preferentially sampled cattle groups composed only of store (i.e. weaned
cattle before finishing for slaughter) or finishing cattle closest to sale or slaughter. If
such groups did not exist, one or more mixed groups with store or finishing cattle
closest to sale or slaughter were sampled. From each group, fresh faecal pats were
sampled. The number of pats tested in each group was determined from the number
of cattle in the group using a prescribed sampling schedule.

For Survey 1, sufficient numbers of faecal pats were tested to ensure prospectively
an 80% chance of sampling at least one positive pat if there was a shedding
prevalence of at least 2% within the group®®. Farms were randomly chosen (n=952)
from a selected population of over 3,111 farms, which represent about 20% of the
12,000 agricultural holdings in Scotland that have cattle, including some dairy farms
if they also keep animals destined for the food chain.

Based on results from Survey 1, in Survey 2, it was assumed that, on average, 8% of
the animals in positive groups would be shedding E. coli 0157, with shedding
distributed as seen in Survey 1%°. For each group in Survey 2, sufficient fresh pat
samples were taken to ensure prospectively a mean 90% probability of detecting
shedding of E. coli O157 if at least one shedding animal was indeed present.
Changes in sampling strategy between the two surveys had a negligible effect on the
power to identify positive farms?#°. Instead of randomly sampling farms, Survey 2
used a stratified sampling plan derived from the Survey 1 cohort to select farms to
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sample??. Farms were selected randomly from this set and then farms that were
close in distance were sampled on the same or concurrent days. Thirty-four farms
were added in the Highlands and Islands to ensure representation in those districts.
In survey 3, 110 farms were sampled, drawn primarily (102/110) from the farms that
were sampled in both Survey 1 and Survey 2%,

The sampling of the same farms across the surveys and the comparable
methodology allow the use of these separate surveys as three cross-sectional time
points for our analysis. The aim was to compare the overall herd-level and pat-level
prevalences across all 3 surveys as well as examine seasonal, spatial and phage
type differences. In addition, we tested an additional hypothesis using the same
statistical models to determine if there was an association between a farm’s current
status and its status in a previous survey.
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Survey 1 (SEERAD): 1998-2000.

Sample design: Stratified random sampling of 952

Scottish farms with beef finishing and store cattle from

a sampling frame of 3,111 farms with cattle, randomly

1998-2000 selected from 1997 Scottish Agricultural and
Horticultural Census data.

952 farms Power: 80% probability of detecting at least 1 positive

assuming 2% shedding within group.

Spatial distribution: National; six regions: five

Animal Health Divisions plus the Northern and

Western Isles forming a separate region

Typing data: Phage Typing

Survey 2 (IPRAVE): 2002-2004.

Sample design: Cluster sampling of 481 Scottish

farms with beef finishing and store cattle from 925*

2002-2004 farms sampled in Survey 1 plus 34** new farms in the
Highlands and Islands.

481 farms Power: 90% probability of detecting at least 1 positive

assuming 8% shedding within group.

Spatial distribution: National; six regions: five Animal

Health Divisions plus the Northern and Western Isles

forming a separate region

Typing data: Phage Typing, Pulse-Field Gel

Electrophoresis, stx subtyping¥, Whole Genome
Sequencing

Survey 3 (BECS): 2014-2015.
Sample design: Random sampling of 110 Scottish

2014-2015 farms with beef finishing and store cattle sampled
110 f randomly from the farms sampled in Survey 1 and
arms Survey 2.

Power: 96% confidence; tolerance + 0.169".

Spatial distribution: National; six regions: five Animal
Health Divisions plus the Northern and Western Isles
forming a separate region

Typing data: Phage Typing, stx subtyping, Whole
Genome Sequencing

Figure 2.2. Historical sampling of E. coli O157 in Scotland. Schematic diagram
describing the sampling design and the typing information available for each of the
three cross-sectional surveys conducted in Scotland (1998-2015). * 925 of the 952
(97%) farms agreed to be involved in Survey 2. ** Farms were added to ensure good
representation for Highlands and Islands districts. ¥, Only 29% of the E. coli 0157
isolated were stx subtyped. W, the BECS survey was powered so as to achieve the
same confidence interval (tolerance) as achieved in the IPRAVE survey.
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Herd-level Prevalence: There was no significant difference in the herd-level
prevalence across surveys (Table 2.3; Fig. 2.3A). In Scotland, roughly 20% of the
farms are likely to have cattle shedding E. coli O157. This figure is consistent across
Scotland as there were no differences within geographical regions. For this study we
have continued to use Animal Health Districts (AHD, see Fig. 2.1) (p=0.181) (Table
2.3 and Figure 2.5), which were the regional areas used for analyses in Surveys 1 &
2. We have retained these regions for consistency and to allow spatial comparisons
within and across surveys to be performed.

There were significant seasonal differences identified (p=0.001) with summer and
autumn prevalences significantly higher than winter (Fig. 2.3B). This pattern was the
same across the 3 surveys.

Pat-level Prevalence: There were significant differences in the pat-level prevalence
across surveys (p<0.001) with both Survey 1 and Survey 3 being significantly higher
than Survey 2 (Table 2.4; Fig. 2.2C). Although there were no spatial differences
(AHD: p=0.234) (Table 2.4) there were seasonal differences (Figure 2.3D). There
appeared to be a different seasonal pattern across surveys, with the pat-level
prevalences being the highest in the winter during Survey 3 yet the lowest in Survey
1 and Survey 2 although the power was not sufficient to tease out this relationship.
This will be investigated in future work using a spatial-temporal risk factor model.

Is a farm’s past status a significant predictor of current status? Of the 102
farms that were sampled across all 3 cattle surveys that are included in this analysis
no farms were positive across all 3 surveys; 48 were not positive for any survey; and
54 were positive in at least 1 survey. The latter result was not associated with being
PT21/28 (exact y%: 1.57, p=0.298). Being positive in the current survey is not
associated with being positive for any survey in the past (exact 2 test: 0.220,
p=0.807).
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Figure 2.3. Cattle Prevalence. Mean prevalence for Scottish cattle from Survey 1
(SEERAD: 1998-2000), Survey 2 (IPRAVE: 2002-2004) and Survey 3 (BECS: 2014-
2015) overall herd-level (A) and pat-level (C) prevalence as well as prevalence by
season for herd-level (B) and pat-level (D).
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Table 2.3: Mean farm-level prevalence of bovine E. coli 0157 shedding for:
Survey 1 (SEERAD: March 1998 — May 2000, n=952 farms), Survey 2 (IPRAVE:
February 2002 — February 2004, n=481 farms) and Survey 3 (BECS: September
2014 — September 2015, n=110 farms) surveys. Season: spring (March-May),
summer (June-August), autumn (September-November), winter (December-

February); AHD, Animal Health District.

Category

Mean Prevalence (lower, upper 95% confidence limits)

Survey 1 (SEERAD)

Survey 2 (IPRAVE)

Survey 3 (BECS)

All
categories

22.5(19.9, 25.3)

18.9 (15.4, 23.0)

23.6 (16.6, 32.5)

By season
Spring
Summer
Autumn

Winter

22.4 (18.2, 27.4)
23.8 (18.5, 30.0)
28.1 (22.5, 34.5)
14.7 (10.4, 20.4)

17.4 (11.1, 26.2)
24.6 (17.1, 34.1)
21.6 (14.7, 30.5)
11.6 (6.8, 19.1)

7.1 (1.7, 25.0)
29.2 (14.4, 50.2)
35.3 (21.0, 52.8)
20.8 (8.8, 41.8)

By AHD
Highland
North East
Central
South West
South East

Islands

16.8 (10.5, 25.9)
25.7 (20.2, 32.1)
24.8 (19.0, 31.6)
20.0 (15.4, 25.5)
25.2 (18.5, 33.4)
18.0 (11.0, 27.9)

17.9 (10.6, 0.28.8)

18.3 (10.8, 29.3)
18.7 (10.9, 30.2)
24.5 (15.6, 36.3)
23.7 (15.0, 35.4)
9.9 (4.9, 19.0)

24.9 (10.4, 48.5)
26.3 (11.1, 50.6)
20.0 (6.4, 47.8)
17.5 (6.6, 38.9)
29.2 (12.3, 54.9)
24.9 (9.3, 51.6)
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Table 2.4: Mean pat-level prevalence of bovine E. coli 0157 shedding for:
Survey 1 (SEERAD: March 1998 — May 2000, n=952 farms), Survey 2 (IPRAVE:
February 2002 — February 2004, n=481 farms) and Survey 3 (BECS: September
2014 — September 2015, n=110 farms) surveys. Season: spring (March-May),
summer (June-August), autumn (September-November), winter (December-
February); AHD, Animal Health District.

Category Mean Prevalence (lower, upper 95% confidence limits)
Survey 1 Survey 2 (IPRAVE) Survey 3 (BECS)
(SEERAD)

All 8.5(7.2,10.1) 3.8(2.9,5.1) 10.6 (6.7, 16.3)

categories

By season

Spring 11.2 (8.7,14.4) 3.9(2.1,7.2) 2.0(0.5,7.2)

Summer 6.7 (4.7, 9.5) 3.5(2.0, 6.3) 12.5 (4.9, 28.4)

Autumn 8.1 (5.8, 11.3) 4.6 (2.6, 7.9) 11.7 (5.4, 23.5)

Winter 6.9 (4.7, 10.1) 3.3(1.8,6.0) 15.7 (6.5, 33.5)

By AHD

Highland 9.8 (5.9, 15.8) 2.0 (0.90, 4.5) 9.1 (3.0, 24.5)

North East 9.7 (7.0, 13.2) 2.7 (1.3,5.7) 15.5 (5.7, 35.8)

Central 9.6 (6.8, 13.6) 3.9(1.9,7.7) 15.6 (5.0, 39.4)

South West 5.8 (4.0, 8.4) 7.4 (4.1, 13.0) 10.0 (3.8, 23.8)

South East 10.6 (7.1, 15.5) 4.5 (2.3,9.1) 5.8 (1.5, 20.3)

Islands 5.7 (2.9,11.1) 3.4 (1.6, 7.0) 7.9 (2.0, 26.5)
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2.3.2. Level 1B: Comparison of current strain composition of Scottish
cattle E. coli O157 with historical values (DO 2.1.4)

What follows is a comparison of the cattle E. coli O157 strain compaosition within
Scotland (Level 1B, Table 2.2) and between Scotland and England & Wales (Level
2B, Table 2.2). For the purpose of this analysis, shedding was categorised as low
(<103 cfu/g of faeces); moderate (103 — 10* cfu/g of faeces) and high (>10* cfu/g of
faeces). Strain composition was examined using PT and stx subtype. PT was the
only typing method that was performed across all 3 surveys (Fig 2.2). PT 