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Abstract

This thesis describes the prevalence and molecular epidemiology of Shiga toxin-
producing Escherichia coli (STEC) in New Zealand using microbiological, genomic,
molecular, and statistical methods. STEC are a zoonotic pathogen that can cause
bloody diarrhoea and acute kidney failure. Cattle are a well-recognized STEC
reservoir, and previous research has identified living near cattle and contact with their
faeces as an increased risk for human infection. Seven STEC serogroups (O157, 026,
045, 0103, O, O121, O145), known as the ‘Top 7 STEC, have been identified as an
increased risk to human health, with the New Zealand meat industry undertaking
testing to ensure that veal beef exports to some international markets are free of these

‘Top 7' serogroups.

A random stratified cross-sectional study of “Top 7 STEC prevalence of young dairy
calves (n=1,508) on New Zealand dairy farms (n=102) found that approximately 20% of
calves and 75% of farms were positive for one or more of the ‘Top 7 STEC. ‘Top 7
STEC prevalence was positively associated with increased number of calves in a calf
pen, and prevalence significantly varied by region. This study utilized a new culture-
independent diagnostic test, NeoSEEK (PCR/MALDI-TOF method), and used
statistical and microbiological techniques to evaluate the sensitivity and specificity of

the method for this and further studies.

A longitudinal study evaluating prevalence and transmission of ‘Top 7 STEC in
animals and the dairy farm environment found evidence of calf-to-calf, dam-to-calf,

and environment-to-calf transmission. Whole genome sequencing analysis and



prevalence data revealed cross-contamination of young veal calf hides occurs during

transport and lairage to processing plants.

Analysis of New Zealand serogroup 026 bacterial isolates (n=152), in comparison to
publicly available genome sequence data (n=252) from other countries (n=14),
suggested introduction of STEC and non-STEC O26 into New Zealand during few
periods in the 20™ and early 21* century. Populations of New Zealand serogroup 026
E. coli are monophyletic, possibly due to minimal live cattle importations into the

country.

Further research in this area should focus on effective interventions at the farm and
meat processing level to decrease the risk of veal beef contamination, while protecting

public health.
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Glossary and Abbreviations

Adulterant

Allele

Antibiotic

Beef trim

Bobby calf

CIDT

Clade

Dam

eae

Enrichment broth

A poisonous or deleterious substance
on a carcass or meat product that can

be injurious to human health

An alternate form of a gene that
arises due to a fixed substitution in a

nucleotide

A medicine that inhibits the growth

or destroys bacteria

Smaller pieces of beef muscle used in
the production of ground beef

products

In New Zealand, a calf between the
ages of four and ten days that is
slaughtered for veal meat. The calf
usually is born in a dairy herd, where
the calf'is surplus to requirements for
replacement animals in the herd and

is not viable for meat production.

Culture independent diagnostic test;
in comparison to methods where

bacteria are isolated on nutrient agar

A group of descendants of a common

evolutionary ancestor

The bovine mother of a calf

intimin; a virulence gene that
facilitates attachment of E. coli to the

epithelial cells in the intestine

A nutrient broth that is mixed with
bacteria and incubated at a specific

temperature over a specific time in
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HUS

MLST

MPI

PCR

PCR/MALDI-TOF

order to increase the number of

bacteria present

Haemolytic uremic syndrome; a
clinical presentation of haemolytic
anemia (low red blood cell count due
to destruction of red blood cells),
acute kidney failure (anuria, lack of
urine production), and
thrombocytopenia (low platelet
count); associated with severe clinical

cases of STEC

Multilocus sequence typing; a
method of differentiating organisms
based on the variations (alleles) in
seven housekeeping genes, in order

to assign a sequence type (ST)

Ministry of Primary Industries; a
public service department of New
Zealand, in charge of overseeing,
managing, and regulating the
farming, food, and biosecurity sectors

in New Zealand

Polymerase chain reaction; a
molecular detection method where a
pair of primers, sequences of DNA
that are specific markers for a gene or
number of genes, are amplified and
detected in an agarose gel by the

length of the sequence

Polymerase chain reaction / Matrix
Assisted Laser Desorption/lonization
- Time of Flight; a culture
independent diagnostic test where a

sample is ionized and then molecules
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PFGE

Phylogenetic tree

Potential STEC

Prebiotic

Probiotic

Ro

RAMS

are detected using time of flight mass
spectrometry, with specific molecular
mass indicating specific targets for
detection; this method is used by the
NeoSEEK assay

Pulse field gel electrophoresis; a DNA
fragmentation technique to produce a
“DNA fingerprint” of particular

bacteria

A branching diagram to illustrate
evolutionary relationships of
organisms based on similarities or

differences of genetic characteristics

In this thesis, this refers to an
enrichment sample that tests positive
for a stx gene as well as the eae gene,
but may or may not have an STEC
bacterium (stx and eae present)

present in the sample

In animals, a non-digestible
carbohydrate that promotes the
growth of microorganisms in the

intestines which may benefit health

A mixture of microorganisms that are
ingested by animals that may

promote intestinal health

Basic reproduction number; in
epidemiology, this refers to the
number of cases of disease caused by

one infective individual

Recto-anal mucosal swab; a sterile

cotton tipped swab is inserted into
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RT-PCR

SNP

Spring calving season

ST

STEC

Strain

the rectum of a cow; this sample is
then enriched in liquid media to

increase detection of STEC

Real time polymerase chain reaction;
similar to PCR where a specific DNA
sequence between primers is
amplified, but a colour based probe
reacts to binding in the region and is
detected by a machine, leading to real
time recognition of the amplification

of the DNA sequence

Single nucleotide polymorphism;
Single nucleotide differences between
genes that are shared between

organisms

For dairy farms in New Zealand, this
usually begins in late June to early
July, and ends in September to
October. Dairy farming in New
Zealand typically follows an annual
cycle, although some farms may allow

for an Autumn calving season.

Sequence type; a number assigned
through the MLST method to

differentiate groups of bacteria

Shiga toxin-producing Escherichia
coli; E. coli bacteria that contain the
stx gene and therefore may be able to
produce Shiga toxin; also called
verocytotoxigenic E. coli (VTEC), due
to its pathogenicity to vero (kidney)

cells

A genetic variant of an organism
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stx

‘Top 7 STEC

UK
USA

USDA-FSIS

Zoonoses

A virulence gene that leads to the

production of Shiga toxin

The seven O serogroups (0157, 026,
045, 0103, O, O121, O145) of STEC
declared adulterants of beef by the
USDA-FSIS, and recognized as a

significant risk to human health
United Kingdom
United States of America

United States Department of
Agriculture-Food Safety and
Inspection Service; in charge of
protecting public health by ensuring
the safety of meat, poultry, and

processed egg products in the USA

Pathogens (bacterial, viral, fungal,
prion) that are transmissible between

animals and humans
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Preface to Introduction

Nel mezzo del cammin di nostra vita
mi ritrovai per una selva oscura,
ché la diritta via era smarrita.

Canto I, The Inferno, Dante Alighieri

There is something to be learned from a rainstorm.
When meeting with a sudden shower, you try not to get wet and
run quickly along the road. But doing such things as passing
under the eaves of houses, you still get wet. When you are
resolved from the beginning, you will not be perplexed, though
you will still get the same soaking.

This understanding extends to everything.

The Hagakure, Tsunetomo Yamamoto

TONIGHT AT THE MAGICAL THEATER
FOR MADMEN ONLY
PRICE OF ADMITTANCE YOUR MIND

Steppenwolf, Herman Hesse



1 Introduction to thesis

1.1 Background

Worldwide, Shiga toxin-producing Escherichia coli (STEC) are a growing public health
concern. Large scale outbreaks in Europe (1) and the United States (2) continue to
occur, while human STEC cases in Argentina have a high rate of serious clinical
complications (3). Although STEC may have a lower incidence than other notifiable
zoonotic diseases (4), the pathogen’s propensity to affect very young children, leading
to potential long term kidney and brain damage (5), is a concerning public health
issue. STEC are primarily transmitted via the faecal-oral route, and ruminant animals,

particularly cattle, have been identified as the most important reservoir (6).

1.2 STEC in New Zealand

4.3.5 Human disease

New Zealand is a geographically isolated island nation that offers a unique
opportunity to interpret the effects of importation and biosecurity measures on
control and transmission of zoonotic diseases (7). New Zealand has a relatively high
incidence of notified STEC infection in humans, with 8.9 STEC cases per 100,000
population reported in 2016 (8), compared to 2.85 in the USA in 2016 (9), and several
incidence rates in 2015: 12.92 in Ireland, 5.08 in the Netherlands, and 2.05 in the
United Kingdom (10). Since it became a notifiable disease in New Zealand there has
been a general increase in annual notifications, with both STEC O157:H7 and non-
O157:H7 STEC causing human disease (11). A New Zealand case-control study
identified contact with animal manure and the presence of cattle in the local area,

along with contact with recreational waters, as significant risk factors for human STEC



infection (12). This study did not identify food as a statistically significant exposure

pathway in New Zealand (12).

4.3.6 Implications for trade and the New Zealand beef industry

Having found STEC in raw ground beef, plus outbreaks associated with consumption
of undercooked beef patties, the USA declared STEC O157 an adulterant of beef in
1994, followed by declaration of 6 additional serogroups (026, O45, O103, O, O121,
O145) as adulterants in late 2011 (13). Mandated testing of the additional six STEC
serogroups began on March 5™, 2012 (13). These seven serogroups are commonly
known as the ‘Top 7 STEC. In 2016-2017, 50% of New Zealand beef exports, valued at
$1.16 billion NZD, were sent to the United States (14). Given the importance of
agricultural exports for the New Zealand economy, STEC is both an economic and

public health concern.

The Ministry of Primary Industries (MPI) and the Strategic Directions Group (SDG) of
the Meat Industry Association (MIA) have a joint work programme for STEC. Key

objectives of the programme include:

e Validation of practical and cost-efficient laboratory methods for detection and

confirmation of New Zealand STEC isolates

¢ A high level of understanding of the epidemiology of STEC in animal

populations as it impacts on the level of contamination on fresh meat carcasses

e Better knowledge on the risk factors and interventions that can be applied at
farm level and pre-slaughter to significantly reduce the level of contamination

on beef



1.3

Goals of thesis research

Overall, the goals of this thesis are to identify risk factors for STEC carriage at the farm

and animal level, increase understanding of STEC transmission dynamics on New

Zealand dairy farms, and improve detection methods for New Zealand STEC. These

goals are achieved through the use of advanced microbiological, molecular, and

statistical techniques. The information gained identifies possible interventions at the

farm level and helps protect public health and inform the New Zealand beef industry.

1.4

Research Questions

The questions for each research chapter are outlined below:

4.3.7

Chapter 3: Molecular epidemiology of STEC on New Zealand dairy farms: application of a
culture-independent assay and whole genome sequencing

What proportions of dairy farms in New Zealand are carrying the ‘Top 7/ STEC?
What proportions of calves are shedding these organisms?

What is the spatial distribution of STEC positive farms in New Zealand? Is there

evidence of localised farm to farm transmission of particular genotypes?

What are the risk factors for carriage of STEC and can they be targeted for

control?

Is the PCR/MALDI-TOF method NeoSEEK suitable for the detection and

characterisation of STEC in cattle faeces and beef trim?

What is the sensitivity and specificity of the NeoSEEK assay for the detection of

‘Top 7 STEC serogroups in New Zealand cattle?



4.3.8

4.3.9

1.5

Chapter 4: Evaluation of transmission dynamics and presence of Shiga toxin-producing E.
coli (STEC) in animals and their environment on New Zealand dairy farms, and the potential
impact on contamination of veal carcasses during slaughter and dressing

What are the broad dynamics of STEC infection in dairy farms during the

calving season?

Are animal, group and herd-level infections single clones, or the result of

dynamic transmission and evolution of multiple strains?

What are the longitudinal trends in slaughter populations, especially very

young calves, and eventual contamination rates of veal carcasses?

Chapter 5: A global genomic examination of STEC serogroup 026 and non-toxigenic
variants from multiple sources

What is the genetic diversity and population structure of STEC serogroup 026

in New Zealand cattle and humans, and how rapidly are they evolving?
When was STEC 026 imported into New Zealand?

How do the virulence genes and antibiotic resistance traits of STEC O26 in New

Zealand compare to STEC 026 isolated in other countries?

Structure of Thesis

This PhD thesis is composed of a literature review in Chapter 2 of relevant facets of

STEC that relate to this research, followed by three research chapters (

Figure 1-1). In Chapter 3, the national prevalence of STEC in young dairy calves is

estimated, while identifying risk factors at the animal, environmental, and farm

management level that could be used as targets for future interventions. This chapter

also involves the assessment of a new molecular detection method for STEC

(NeoSEEK) using advanced statistical methods. In Chapter 4, the transmission

dynamics of STEC carriage in cattle and the environment on New Zealand dairy farms



is examined, with follow-through to the carriage and contamination of veal carcasses
in processing plants. In Chapter 5, whole genome sequencing of E. coli serogroup 026
isolated from humans and cattle in New Zealand is performed and data compared to
publicly available sequence data obtained from E. coli serogroup O26 isolated from
around the world. Sequence data is used to estimate the most recent common
ancestor of STEC O26 in New Zealand, as well as the virulence and resistance profiles
of New Zealand bacterial isolates. Chapter 6 includes a holistic discussion of the
research chapters and recommendations for future directions for STEC research in
New Zealand. Overall, this thesis adds comprehensive understanding of the
prevalence and transmission dynamics of STEC in New Zealand dairy farms, while
identifying future research projects to develop novel interventions that reduce risk for

the meat industry as well as protect public health.

The approval for this research has been obtained from the appropriate Massey
University Ethics Committee for the experiments described in this thesis. I am
thankful for the funding and support provided by the Ministry of Primary Industries,

the Meat Industry Association, and Massey University.



A food chain approach to control of Shiga toxin-producing E.
coli in New Zealand

Randomly stratified A\ '\P‘V’ A

national cross-sectional ATy -* Evaluation of culture

1 study of STEC v r ,& + independent diagnostic
prevalence in young test (CIDT) NeoSEEK for
calves (n=1,508) on AP 'V' V ‘Top 7' STEC detection

dairy farms (n=102) ** BT T

Evaluation of transmission dynamics and presence of Shiga toxin-
2 producing E. coli (STEC) in animals and their environment on dairy
farms, and the potential impact of contamination of veal carcasses

Global genomic evaluation of STEC

3 serogroup 026 E. coli (n=15
countries, n=152 newly sequenced
026 E. coli from the study)

) L See

'A L‘ Identify potential interventions to I-
NN N reduce STEC at the farm level to
S protect public health and reduce risk
N W T\ for the New Zealand meat industry

Figure 1-1: Structure of PhD thesis: A food chain approach to control of Shiga

toxin-producing E. coli in New Zealand



Preface to Literature Review

As a writer, you should not judge.

You should understand.

Monologue to the Maestro: A High Seas Letter,

Ernest Hemingway



2 Literature Review

This literature review establishes the background for the following thesis research, by
providing an overview of the prevalence, transmission, and molecular epidemiology of
Shiga toxin-producing Escherichia coli (STEC) around the world. Due to the vast
amount of research on STEC, with over 10,000 articles identified on the PubMed
database following a search for “STEC” (www.pubmed.gov, accessed February 1%, 2018),
this review is focused on specific facets of STEC research that are directly applicable to
this thesis. After each main topic is evaluated, a section highlights how the literature is

relevant to the following research chapters.

2.1 Introduction

The first Shiga toxin-producing Escherichia coli (STEC) associated with severe illness
was linked to an outbreak of bloody diarrhoea in 47 people, associated with beef
served by a fast-food retail chain in the United States in 1982 (15). The causative
bacterium was identified as E. coli O157:H7, based on the lipopolysaccharide antigen
(O157) and flagella antigen (H7). This serotype had been previously identified in a case
of haemorrhagic colitis in 1975, but was not associated with being invasive or toxigenic
by standard tests at that time (15). Ten years later, STEC O157:H7 was linked to an
outbreak due to consumption of undercooked beef patties in the Jack-in-the-Box fast-
food retail chain; this outbreak led to 732 people being infected, and subsequently 4
deaths and 178 people with permanent disability due to kidney or brain damage (16).
The severity of this outbreak led to global recognition of the importance of STEC in

food safety and public health, and STEC O157:H7 was classified as an adulterant of



meat in the United States in 1994. In New Zealand, STEC O157 infection became a

notifiable disease in 1997 (17).

Following a study which identified the most common non-O157 STEC causing human
disease in the United States (18), the United States Department of Agriculture Food
Safety and Inspection Service (USDA-FSIS) classified six additional E. coli serogroups,
026, 0103, O45, O, O121, and O145, as adulterants of raw beef on September 13th,
2011. This declaration increased the scope of STEC detection from one to seven
serogroups, known as the ‘Top 7 STEC, leading to the need for greater and more

sophisticated methods of detection and isolation of these pathogenic bacteria.

Understanding STEC and the complex interrelationship between the farm
environment and its main reservoir, cattle, offers the chance to address this pathogen
at its source to protect public health and the vital agricultural economic trade.

2.2  Shiga toxin-producing E. coli: the bacterial pathogen

4.3.10 Taxonomy and molecular typing

Escherichia coli are gram-negative facultative anaerobic bacteria, belonging to the
gamma subdivision of the Proteobacteria phylum (19). A myriad of classifications of E.
coli exist based on pathogenicity (e.g. commensal or pathogenic), clinical
manifestations in humans (e.g. uropathogenic, extra-intestinal pathogenic), virulence
mechanisms (e.g. enteroinvasive, enterohaemorrhagic), serology (e.g. O157:H7, K12),
and multilocus sequence typing (MLST) (e.g. ST-10, ST-29) (19). MLST in E. coli is
based on the alleles of seven housekeeping genes: adk, fumC, gyrB, icd, mdh, purA, and
recA (20). According to the modified Kauffman scheme of serotyping, O (somatic), H
(flagellar), and K (capsular) surface antigens are used to differentiate between various

E. coli (21). While these surface markers do not in themselves confer virulence, certain



combinations of O and H antigens are associated with particularly virulent groups of

E. coli (21).

Even greater molecular and genetic resolution of E. coli can be attained through the
use of techniques such as pulsed-field gel electrophoresis (PFGE) and whole genome
sequencing (WGS). During PFGE, bacterial genomic DNA is first cleaved with
restriction endonucleases with fractionation of high molecular weight DNA molecules
as they pass through a gel medium under electric current, leading to unique patterns
of DNA separation that can be attributed to specific strains of bacteria (22). Whole
genome shotgun sequencing collects data on an entire DNA sequence of an organism
by breaking up DNA in small random fragments, amplifying those fragments and
detecting the DNA bases to create reads, and then assembling these reads to infer a
complete DNA sequence. These typing methodologies were historically used to
deduce small variations between bacterial strains, but the advent of universal
databases and a global system of interconnected computers has allowed comparisons

to be made from large datasets across the world.

4.3.11 Bacterial gene transfer

Horizontal gene transfer is the transfer of genetic material between bacteria of the
same generation (23). This method of gene transfer is important in STEC research, as

most of the genes that cause pathogenicity in STEC are transferred via this method.

Mobile genetic elements are genes that insert in various locations in the host genome.
Numerous mobile genetic elements, comprising 9-20% of the genome, were found in
STEC and non-STEC O26, indicating a complex history and variety of recombination

(24). While some mobile genetic elements, such as those that express antibiotic

10



resistance, are acquired through cell to cell contact (conjugation), bacteriophage
transfer of genetic material (transduction) is a more important method of genetic

transfer for STEC (24).

A bacteriophage is a virus of bacteria. These bacteriophage can attach to a bacterium
and insert a DNA sequence, known as a prophage, directly into the host bacterium
genome or as a plasmid, a small circle of DNA that contains a small number of genes
and an origin of replication (25). These prophage can include pathogenicity islands,
which include large clusters of virulence genes (26). Acquiring new genes can increase

fitness and survival of a bacterial pathogen (27).

4.3.12 Virulence factors

The stx-toxins expressed by STEC are also known as Shiga-like toxins, due to their
similarity to the toxin produced by Shigella dysenteriae, and were discovered by Dr.
Kioshi Shiga in 1898 (28). In fact, phylogenetic evidence using 16S rRNA gene sequence
alignments notes that Shigella spp. could be classified within E. coli, and they are as
related to E.coli as they are to each other (19). Two Shiga toxins are observed in STEC:
Shiga toxin 1and Shiga toxin 2, produced by the stx1 gene and stx2 gene respectively
(19). The genes for Shiga toxin 1 and 2 only share 60% nucleotide identity, which
indicates that these genes underwent separate evolutionary pathways, and were only
recently acquired by E. coli. In fact, stxz is found in other members of the
Enterobacteriaceae family, indicating that other bacterial species have acquired this
gene through horizontal gene transfer (29). Phage-mediated stx transduction can
occur in food and water, but fails to occur with low pH or low temperatures (30). It
has been suggested that STEC are more resistant to consumption by protozoa due to

the presence of Shiga toxin, which offers a survival advantage to the bacteria (31).
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STEC are defined by the presence of the stx virulence gene, but commonly carry the
eae gene (intimin) as well, in both international food safety regulations and in this
thesis. The eae gene, which is an abbreviation for "E. coli attaching and effacing”,
facilitates attachment of the bacterium to the intestinal wall leading to enterocyte
membrane and effacement of the microvilli. The gene lies within the Locus of
Enterocyte Effacement pathogenicity island (LEE); this island is a distinct region of

DNA that confers pathogenicity to STEC.

4.3.13 Antimicrobial resistance factors

Resistance genes can be transferred via plasmids or mobile genetic elements via
integrons. Integrons are genetic mechanisms that allow for the acquisition and
dissemination of antibiotic resistance genes in antibiotic resistant bacteria through
genetic elements that allow absorption of these elements using genes like integrase
(32). In most cases, resistance is conferred to the bacterium by a single gene (e.g.

blatem confers resistance to the antibiotic ampicillin).

A comprehensive study of over two hundred E. coli strains containing eae isolated
from various livestock species found that over 65% of the strains were resistant to
tetracycline, streptomycin, erythromycin, and sulfamethoxazole, with resistance to
ampicillin, chloramphenicol, trimethoprim, and trimethoprim-sulfamethoxazole being
less common (approximately 30%) (33). The predominant resistance genes for each
resistant strain of bacteria were ampicillin (blaTEM, 97.1%), tetracycline (tetA, 76.7%),
gentamicin (aac(3)II, 80%), streptomycin (strA/strB, 76.7%, aadA, 76.7%),
chloramphenicol (catl, 85.1%), trimethoprim (dhfrl, 76.3%), and sulfamethoxazole

(sull, 60%; sulz (63.3%).
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4.3.14 Pathogenesis

Shiga toxins cause disease by direct (inhibition of protein synthesis) and indirect
(proinflammatory cytokine expression) methods (34). In humans, Shiga toxin inhibits
protein synthesis and immune response locally in the gastrointestinal tract, leading to
haemorrhagic diarrhoea. Once absorbed through the intestinal epithelium, they
preferentially act on endothelial cell subtypes found in the brain and kidney (34).
Absorption of the toxin into the bloodstream leads to haemolytic uremic syndrome
(HUS), due to the toxin damaging renal endothelium and widespread inflammation
and destruction of erythrocytes, causing acute renal failure. This complication is more
common in young children, who express higher levels of Shiga toxin receptors in their
renal glomeruli (35). Shiga toxin 2 is associated with more severe clinical outcomes
than Shiga toxin 1, and in vitro assays estimate Shiga toxin 2 is 40 to 400 times more
potent than Shiga toxin 1 (36). The incubation period varies from 2-10 days, and 5-15%

of people who ingest the bacterium will succumb to HUS, which can be fatal (37).

STEC are apathogenic to ruminant animals, particularly cattle, who are identified as
an important reservoir of STEC (6). Cattle lack vascular receptors for Shiga toxin and it
has no detrimental effects (enterotoxicity) in their digestive tract (38). The primary
site of colonisation of STEC O157:H7 in cattle is reported to be at the distal
gastrointestinal tract (e.g. colon) (39). Once E. coli with stx and eae colonise a calf’s
digestive tract, they are more likely to persist in the digestive tract compared to other

non-STEC E. coli flora (40).

4.3.15 Origin of STEC

Phylogenetic evidence indicates STEC O157 may have originated from a non-stx

producing E. coli serotype O55:H7, which acquired the stx2 gene and the O157 plasmid
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(29). Other studies have suggested, through the analysis of housekeeping genes, that
multiple lineages of E. coli acquired the LEE pathogenicity island with eae, plasmid-
borne enterohaemolysin (ehxA), and the prophage bearing stx; this finding is a classic
example of parallel evolution (41). For instance, an evaluation of ehxA encoding
virulence plasmids found that a particular subtype (subtype D) had an evolutionary
lineage completely distinct from the other ehxA encoding plasmids, indicating a
separate instance of evolution (42). It is reasonable to suspect that the acquisition of
various virulence genes may lend a competitive advantage for these bacterial strains

against other bacteria or protozoa.

4.3.16 Evolution of STEC

With the potential for horizontal transfer of virulence genes, STEC continues to
evolve. Evolution based on recombination and horizontal gene transfer is explained by
the Public Goods Hypothesis for the evolution of life on earth (43). In contrast to a
Tree of Life evolutionary model (44), the Public Goods Hypothesis proposes that
horizontal exchange of widely available DNA sequences, notably genes, are the
primary driver for local bacterial evolution (43). Applying this hypothesis to the
evolution of STEC would allow for continued adaptation of STEC in local geographical
environments as they continue to acquire and share virulence genes, which could lead
to changes in the pathogenicity of STEC. Molecular typing of STEC O157 from New
Zealand, Australia, and the USA indicated a unique differentiation of genotype
distribution for each country (45). Molecular analysis of STEC O157 in New Zealand

revealed patterns of local spatial clustering of genotypes (45).

Genomic analyses can evaluate the number of shared genes between E. coli (core

genome) and genes not common between bacteria (accessory genome). Analysis of 53
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E. coli genomes from various serogroups estimated a core genome of 1,472 and an
accessory genome of 13,296 (19). Remarkably, this would indicate that only 20% of
genes were shared between the E. coli in this study, while the rest of the genes were

not found in all genomes. E. coli are capable of remarkable genetic diversity.

One example of ongoing STEC evolution is the emergence of E. coli serogroup O26 ST-
29 in Europe. Progenitor STEC 026 strains harboured the stx1 gene and were classified
as ST-21. Beginning in the late 1990’s, a new STEC O26 variant, ST-29, with the more
virulent stx2 gene emerged in Germany (46), and more recently in France (47) and
Switzerland (48). This strain has enhanced pathogenicity and is associated with
increased incidence of HUS even in healthy adults. Controlled experiments revealed
that stx2 can be acquired and lost in serogroup 026 isolates, leading to dynamic
changes in pathogenicity (49). The emergence of a highly virulent STEC O26 ST-29
clade has been identified in Japan since 2012, and single nucleotide polymorphism
(SNP) phylogenetic analysis revealed it was a separate clade from the European

variant, indicating another example of an acquisition of stx2 in this serogroup (50).

Another example of recent STEC evolution was the emergence of a highly virulent
0104:H4 in Germany in 2011 (51). The previously avirulent strain acquired the
prophage coding for stx2 gene, along with an extended beta-lactamase antimicrobial
resistance factor (CTX-M-15), through horizontal gene transfer (51). The bacterial
strain also caused severe disease without the presence of the LEE pathogenicity island,
or eae. 810 cases and 39 deaths were attributed to the STEC O104:H4 outbreak in
Germany (1). The majority of HUS (90%) cases occurred in adults, rather than

children.
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4.3.17 Relevance

Objectives of this thesis include evaluation of the genetic diversity, virulence,
antimicrobial resistance, and population structure of STEC. Whole genome
sequencing is employed to understand differences on the farm and region level in a
national cross-sectional study in Chapter 3, as well as to understand transmission
dynamics from the farm environment to meat processing plants in Chapter 4. A more
holistic approach is pursued in Chapter 5, where STEC O26 from New Zealand
humans and cattle are thoroughly evaluated against bacterial isolates around the
world, in order to understand the arrival of STEC into the country, as well as its
evolution since its introduction. These components of each chapter inform the

fundamental nature of STEC in New Zealand on a cellular level.

2.3 Methods and difficulties of detection and isolation of STEC

The detection and isolation of a single bacterium within a complicated matrix of
micro-organisms and organic material is difficult. E. coli may be grown on MacConkey
agar at 37°C, which takes advantage of their salt tolerance as well as lactose
fermentation to differentiate them from other Enterobacteriaceae. However, both due
to the severe virulence associated with some STEC serogroups, and their difficulty of
isolation, many methods for the detection and isolation of STEC have been developed.
Detection methods are primarily focused on food items and beef trim due to the
regulatory nature of the international trade of beef, and public health concern

regarding food-associated outbreaks.

4.3.18 Overview of USDA-FSIS detection and isolation of STEC

The current well recognized and legally required screening and isolation for the ‘Top

7’ STEC in meat products in the USA is dictated in the USDA Microbiology Laboratory
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Guidebook (MLG) 5A.04 (52) for STEC O157 and MLG 5B.05 (53) for the other ‘Top 7’
STEC. The testing of ground veal meat is also described in the Market Access
Requirements documentation (54). The process, following retrieval of the sample
material, is labour intensive and requires: enrichment of the sample in a liquid
nutrient broth, molecular screening for virulence genes (stx and eae) and the “Top 7’
serogroups (0157, 026, 045, 0103, O, O121, O145), an immunomagnetic separation
(IMS) procedure with antibody coated beads, isolation of bacterial colonies on culture
media, and confirmation of identity of bacterial isolates using latex agglutination and
molecular assays. At a bare minimum the process requires four days. This method has
also been verified in Canada as leading to detection of one or two viable STEC cells per

65 g of beef trim (55).

4.3.19 Sample retrieval

Recto-anal mucosal swabs (RAMS) are ideal for sampling of STEC in cattle due to the
propensity for STEC bacteria to colonise the recto-anal mucosal junction. RAMS have
been found to be a better indicator of colonisation of STEC O157:H7 than faecal
culture (56). RAMS is also superior to faecal samples for detection of the “Top 7’ STEC
using a PCR/MALDI-TOF method, NeoSEEK, which will be discussed in detail in a

later section (57).

Sterile cellulose sponges can be used to collect environmental and calf hide samples
(58). Other methods of collecting faecal material include overboot swab sampling. In
Sweden, overboot swab sampling and dust sampling of the environment correctly
classified over 80% of STEC O157:H7 positive herds that were confirmed to be positive
using individual RAMS sampling (59). Overboot swab sampling was also successfully

used in research on Mycobacterium avian subsp. paratuberculosis, where over 9o% of
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herds that had cows that were individually confirmed as positive were also found to be

positive via environmental overboot swab sampling (60).

4.3.20 Common DNA-based culture-independent diagnostic tests (CIDTs)

In order to decrease the amount of time and resources used in searching for STEC
bacterial isolates, DNA can be prepared from a microbial sample through boiling or
other chemical methods, and specific DNA sequences, notably target genes (e.g. stx or
eae), can be detected using various methods such as PCR. It is important to reach a
low detection limit as most adult cattle excrete less than 100 CFU/g of STEC (61). The
most common culture-independent diagnostic tests (CIDTs) used for STEC rely on the
polymerase chain reaction (PCR), or its more modern variant, real time PCR (RT-

PCR).

Early molecular screening involved the use of PCR. PCR allows for massive duplication
of specific target DNA regions through the use of oligonucleotide primers (forward
and reverse) that are sensitive and specific to allow amplification of the target gene.
Multiple primer targets can be duplicated in the same sample at the same time, but
the lengths of each primer pair product have to be different in order to visualize on
agarose gels, after separation using electrophoresis. One of the most widely used PCR
panels was developed in the late 1990’s for the screening of stxi, stx2, eae, hixA (ehxA),
and the O157 surface antigen (62). Multiplex PCR panels, screening for all the “Top 7’

STEC serogroups, have also been developed (63).

Real time PCR (RT-PCR) uses traditional primers with an additional component of a
fluorescently-labelled oligonucleotide probe; this probe is a DNA sequence that lies

between the two primers of the target gene, and also has a colour-based fluorophore
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molecule that is released when the probe binds to a DNA target. A device that heats
and cools the samples also has a specific light detector to pick up the intensity of light
at a specific wavelength, indicating the amount of DNA that has bound, and therefore
light released, with the probe. Advanced RT-PCR devices allow for the detection of
four different wavelength ranges, therefore allowing for detection of four different
gene targets in the same sample. The amplitude of light emission can be compared to
a standard curve of DNA concentrations, leading to inferences on DNA quantity in the
original sample (quantitative RT-PCR, qPCR). The minimum information for
publication of quantitative real-time PCR experiments (MIQE guidelines) was
established to offer consensus and reproducibility among researchers using RT-PCR
(64). Early RT-PCR panels for E. coli could identify over 22 virulence genes (65). A
sensitive and 100% specific multiplex RT-PCR protocol was developed that allowed for
screening of virulence genes (stxi, stx2, and eae), as well as all “Top 7’ serogroups in

three runs (66).

The inherent difficulty with molecular screening is that a vast microbial matrix may
contain a bacterium with an stx gene, a different bacterium with an eae gene, and a
third bacterium that possess gene sequences specific for a “Top 77 STEC O-antigen
serogroup, but PCR-based methods cannot differentiate whether a ‘“Top 7' STEC is
present in the sample. However, the sensitivity of this assay is useful as a screening

procedure before more specific methods are used.

4.3.21 Enrichment

Enrichment involves the microbiological technique of putting a sample into a nutrient
liquid and incubating it for a period of time and at a particular temperature, in order

to allow multiplication of the desired target bacteria and increase the chances of its
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detection. Several different enrichment broths have been used for STEC. Universal
pre-enrichment broth (UPB) and modified Tryptone Soya Broth (mTSB) were found to
be more effective than E. coli broth in enrichment of non-O157 STEC (67). Some
methods of enrichment of STEC include the addition of novobiocin, an antibiotic, in
order to decrease the proliferation of background flora in the sample. However,
novobiocin added to TSB has been found to have an inhibitory effect on non-O157
STEC, while STEC O157:H7 was significantly more resistant to its effects (68). Another
study evaluating the addition of novobiocin to E. coli Broth (EB) and mTSB found it
should not be used in the enrichment of non-O157 bacteria in samples (67) .
Therefore, the addition of novobiocin to TSB would likely lead to false-negative results
for detection of non-O157 STEC. Originally, the USDA-FSIS protocols (MLG 5B.o1)
recommend the use of 8 mg/L novobiocin to modified TSB broth for enrichment of

the ‘Top 7 STEC, but this addition has been removed in the new protocol (MLG

5B.05).

Other factors have been studied regarding time and temperature of incubation. An
evaluation of enrichment times found no significant difference between enrichment
times of 6 and 24 hours (69). Increasing the incubation temperature to 42°C was
found to significantly increase recovery of STEC O157:H7 in comparison with lower
temperatures traditionally used for bacteria (70). Furthermore, this temperature (42°C
+/-1) is required by the USDA-FSIS protocol MLG 5B.o1 for isolation of the ‘“Top 7’

STEC.

4.3.22 Culture

Culture-based approaches to detection of STEC have disadvantages, due to the lack of

specificity of molecular methods that screen bacterial enrichments for the presence of
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the “Top 7 STEC defining virulence genes (stxi1, stx2, and eae) and the ‘Top 7’
serogroups, and the low sensitivity of culture-based isolation methods (71). However,
bacterial isolation is essential for phenotypic assays and whole genome sequencing of

individual bacteria.

Several different agars are used to isolate STEC. Sorbitol MacConkey agar
supplemented with cefixime and potassium tellurite (CT-SMAC) is used for the
isolation of STEC O157. Most STEC O157 are unable to ferment D-sorbitol and grow as
grey colonies on CT-SMAC (72), but some different lineages of STEC O157 have been
identified that do ferment sorbitol and grow as purple colonies (73). CT-RMAC is a
variation of CT-SMAC that includes the substitution of rhamnose for lactose (74).
STEC 026 do not usually ferment rhamnose (74), but some rhamnose fermenting
STEC 026 have also been identified in New Zealand (T. George, unpublished data).
Possé agar was designed to use chromogenic compounds to indicate $-galactosidase
activity and particular fermentative carbon sources (75). However, when the media
was tested it was found to be effective for detection of STEC in food material, but
could only isolate 15.8% of STEC in artificially contaminated cow faeces (76).
CHROMagar STEC medium (CHROMagar Microbiology, Paris, France) uses
chromogenic compounds to identify STEC compared to non-virulent E. coli bacteria. A
comprehensive assessment of STEC isolates (n=362) on this agar found that 81.6% of
the isolates were capable of growing after direct plating onto the media, but two of the
‘Top 7’ STEC serogroups, O157 and O103, grew poorly (33-39%) (77). The incorporation
of tellurite in the media was directly linked to the finding that only isolates with the
terD gene, which confers tellurite resistance, were able to grow on the medium.

Another study found that CHROMagar STEC inhibited the growth of 27/96 (28.1%) of
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‘Top 7 STEC strains tested (78). These findings suggest that CHROMagar STEC is
selective for STEC but may be overly inhibitive of growth of all ‘Top 7 STEC. The
USDA recommended formulation for Rainbow Agar was found to inhibit growth of
20/96 examined STEC strains (78). This study also noticed a large range of colony
colours of the STEC strains, despite recommendations that certain colony colours
indicate whether a colony is STEC or non-STEC (78). A comprehensive study of several
different methods of three enrichment broths and four agars found that the standard
MacConkey agar was the most sensitive (79). However, MacConkey agar does not
allow the differentiation between the “Top 7’ STEC and other E. coli, which would
necessitate additional testing of all colonies on a plate; this would be an expensive and

time-consuming process.

Culture often involves the use of immuno-magnetic separation (IMS) using beads
coated with a serogroup specific antibody which binds to the target O-antigen of the
bacteria in order to increase sensitivity. A comparison of direct plating after
enrichment and using IMS beads before plating found that only the O157 serogroup
benefited from IMS, and IMS did not have any beneficial effect on isolation of the four
other ‘Top 7 STEC serogroups evaluated (026, 0103, Ou1, and O145) (69). Another
study of the non-O157 ‘Top 7 STEC showed that experimentally spiked faecal samples
had varying success rates of retrieval using IMS: 92.3% for 026 and 100% for O103, in
comparison to 38.5% for O121 and 43.8% for O (80). For faecal samples that tested
positive for these serogroups in a field trial, the retrieval was much lower: 21-25% for
026 and 045, and 6-10% for O145, O121, Ou1, and 0103 (80). Another study found that
bacterial isolation procedures identified 33.1% (53/160) and 35.5% (11/31) of PCR-

positive samples for E. coli O157 and non-O157 serogroups, respectively (63). Further
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research has found that despite a PCR prevalence of O157, 026, O45, and 026
exceeding 78%, only 4-10% of the samples had STEC successfully isolated (81). USDA-
FSIS methods were used to detect 44.5% prevalence of a non-O157 “Top 7 serogroup,
eae, and stx in samples from Australian cattle processing plants, while only 1.3% were
confirmed by isolation (82). Though prevalence ranged from 5.7% to 33.5%, no O45,
0103, O121, or O145 were isolated in the study (82). In a previous "EpiLab study, 10 of
55 samples where serogroup O157 was detected had STEC O157 isolated (83). It is
possible that non-viable bacteria are being detected with molecular methods,
therefore culture isolation will not be successful. However, the disparity between
traditional molecular detection and bacterial isolation of STEC can make estimates of

prevalence difficult.

4.3.23 Other culture-independent diagnostic tests (CIDT)

Other methods such as enzyme-linked immunosorbent assay (ELISA) have been used
for STEC serogroup detection in food and meat trim, however these require a high
pathogen load (10> CFU/ml) and do not allow for identification of the pathogenicity of

that bacteria within the serogroup (84).

While whole genome sequencing is typically used to provide a full molecular
evaluation of a single bacterium post-isolation, metagenomic sequencing has been
utilised as a screening method. Metagenomic sequencing involves purification and
sequencing of DNA or RNA from a mixed sample without selective amplification,
leading to the identification of a variety of organisms, which can then be classified
according to various marker genes. This method was employed to evaluate STEC in

artificially spiked spinach, and found it was able to detect 10 CFU/100 g of produce
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(85). While this method is experimental and may not be cost-effective at this time, it

may become widely used in the future.

One molecular method of particular value is NeoSEEK (NeoSEEK STEC Confirmation,
NeoGen Corporation, Lansing, MI, USA). The NeoSEEK method uses PCR/MALDI-
TOF; this method involves PCR amplification, primer extension to generate allele-
specific DNA products of different masses, and chip-based mass spectrometry to
analyse the extension products in order to detect pathogenic STEC. This method has
been employed for use in identifying STEC in outbreaks (86), as well as identifying
specific sequence types (87). NeoSEEK has a Letter of No Objection (USDA-FSIS),
indicating that the USDA found this technology to be reliable and appropriate for use
as a STEC confirmation method. NeoSEEK uses 89 gene targets, as well as virulence
markers and eae subtypes, to detect the presence of STEC from an enrichment broth,
without the need for individual plating of bacteria. The technology is based on initial
findings that single nucleotide polymorphisms (SNPs) in the O-antigen gene cluster
could identify both which serogroup the bacterium belongs to, and whether that
bacterium contains stx (88). This finding was ground breaking, in that it bypassed the
predominant problems with molecular screening for virulence genes and O
serogroups: a failure to effectively isolate bacteria from molecular screen-positive
enrichments to confirm the presence of STEC bacteria. Possible disadvantages of
NeoSEEK include the limitation of its database of relevant SNPs, which it uses to
compare true STEC to non-toxigenic strains. However, this database can be updated
with the continued evaluation of new whole genome sequenced bacterial isolates from

STEC.
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4.3.24 Relevance

The use of culture-independent diagnostic testing in the place of traditional
microbiology is controversial (89). In general, CIDTs offer better sensitivity than
culture methods, thus reducing the underestimation of disease burden (9o). These
tests also have the benefit of being faster and less expensive, in particular with regards
to labour costs (90). However, an argument was made in the United States that
clinical and local laboratories need to continue to perform microbiological culture of
isolates rather than only use CIDT, which transfers the entire burden of culture
methods to the state and federal level (89). The utilisation of CIDTSs to detect bacterial
zoonoses is rapidly increasing, and STEC is diagnosed via these methods more than
any other pathogen (91). Furthermore, the utilisation of CIDTs had led to increased
detection via culture-confirmed STEC in the United States, perhaps due to the ease of
testing or the increased sensitivity of the methods (9). The economic and employment

effects of the adoption of CIDTs should not be overlooked.

One extensive study that evaluated four enrichment broths and three agars found
that no enrichment protocol would work for all artificially inoculated ground beef
samples, and significant variation occurred with naturally contaminated samples (79).
In addition, neither one nor a combination of agars could identify all ‘Top 7/ STEC
serogroups in artificially or naturally contaminated beef (79). The authors concluded

that no single method or combination of methods was capable of identifying all STEC

serogroups (79).

Phylogenetic analyses indicate that O-antigens do not necessarily relate exclusively to
an STEC pathotype of a particular serogroup, and these serogroups can be represented

by a number of different multilocus sequence types (MLST) (88). In particular, non-
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STEC and STEC strains of the same serogroup are commonly of different lineages (88).
Therefore, the assumption that the ‘Top 7 STEC will have unique traits that can be
exploited using specific agar media and immunomagnetic beads may be inappropriate.
For example, sorbitol fermenting STEC O157 and rhamnose-fermenting STEC O26
have both been linked to human disease, but these bacteria would not be detected

using traditional methods on CT-SMAC and CT-RMAC agar (92, 93).

Further research is required to develop microbiological methods for STEC detection
and for continued evaluation of the bacteria at a phenotypic and cellular level. More
specific molecular methods to provide fast and economical results to determine the
prevalence of STEC, will also be beneficial for both scientific research, industry, and

public health.

Traditional as well as advanced molecular methods for the detection and isolation of
STEC are used in this thesis. Following an assessment of peer-reviewed literature, a
modified USDA-FSIS method was used for traditional screening and isolation of STEC,
which mainly differed from the USDA-FSIS described method by the addition of a
direct plating step onto agar media in addition to IMS. Also a more efficient and
sensitive RT-PCR screening protocol (66) was used for evaluation of virulence genes
and serogroups using a more robust “mastermix” and a 100-well sample holder to
increase throughput of samples. This thesis research required testing of over 10,000
individual wells via single-plex and multiplex RT-PCR for screening of enrichments

and individual isolates.

The evaluation and use of the NeoSEEK assay is a major component of this thesis,

therefore it is combined with traditional methods in Chapter 3 and Chapter 4 for
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evaluation or screening, but it is used as a method in itself to detect the “Top 7 STEC.
While microbiological methods are essential for whole genome sequencing and in-
depth analysis of an individual bacterium, the use of culture-independent diagnostic

tests may be better suited for epidemiological studies and food safety.

2.4  Public health and epidemiology of STEC

4.3.25 STEC prevalence, risk factors, and transmission dynamics: humans

In 1993, an n-month old boy from Whakatane, New Zealand presented with bloody
diarrhoea; he was hospitalized for two days and then discharged after no dehydration
or anorexia was noted (94). He presented later that day with seizures, no urine
production (anuria), and vomiting, at which time a diagnosis of haemolytic uremic
syndrome (HUS) was made, and STEC O157 was cultured from his faeces (94). This

was the first reported case of STEC O157:H7 in New Zealand (94).

STEC infection is globally estimated to cause 2.8 million cases of illness, 3,890 cases of
HUS, and 230 deaths annually (4). New Zealand has a relatively high incidence of
notified STEC infection in humans, with 8.9 STEC cases per 100,000 population
reported in 2016 (8), compared to 2.85 in the USA in 2016 (9), and 12.92 in Ireland, 5.08
in the Netherlands, and 2.05 in the United Kingdom in 2015 (8). Since it became a
notifiable disease in New Zealand the incidence has shown a general annual increase
(Figure 2-1), with both STEC O157:H7 and STEC non-O157:H7 causing human disease
(8). The introduction of PCR screening of all diarrhoea samples in the Auckland
District Health Board since July 2015 has likely influenced the rapid rise in

notifications in the past few years.
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Figure 2-1: Number of STEC cases per year in New Zealand from 1993 to 2016

HUS has been linked to over 24 STEC serotypes, but STEC O157 is the most commonly
implicated (95). An evaluation of non-O157 STEC reported in the USA between 2000
and 2010 identified the ‘Top 7 STEC (serogroups O157, 026, O45, 0103, O111, O121,
O145) as the most common cause of human diseases (96). A particular clade (Clade 8)
of STEC O157 were found to have increased virulence, causing HUS and more
hospitalization (97). Unique combinations of virulence genes may affect the toxicity
and duration of STEC disease in humans (98). A high leukocyte count and antibiotic
treatment during the first week of illness have been associated with increased risk of
HUS in children (99). Furthermore, clinical cerebral involvement with STEC cases is

associated with increased risk of death (100). In general, non-O157 STEC infections
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were associated with shorter dialysis treatments and less bloody diarrhoea, compared

to STEC O157 (100).

The risk of human consumption of cattle products such as milk and beef
contaminated with faecal material was the first focus of STEC public health research
and response. An early case-control study in the United States from 1990 to 1992
identified eating undercooked hamburger meat as the primary risk factor for STEC
O157 infection (101). Several other food sources have also been identified as a risk. Raw
milk cheeses in Switzerland were contaminated with stx1 and stx2-positive strains of
STEC (102), and similar contamination of cheese products occurred in Egypt (103). An
outbreak of STEC O26 in Italy and Romania was linked to a milk processing facility
(104). A mixed serotype outbreak of STEC O145:H28 and STEC O26:Hu due to
contamination of ice cream occurred in Belgium (105). STEC O26 has recently been
linked to two outbreaks in the United States due to consumption of flour (106) and
raw produce at a fast-food burrito chain (107). Other outbreaks linked to produce have
included watercress (108) and sprouts (109). Outbreaks due to the consumption of raw

produce may be associated with the use of cattle faeces as fertiliser material.

Cattle are the primary reservoir of STEC (72). The importance of animal contact for
transmission of zoonotic enteric disease has been well recognized (110). A case-control
study of human STEC cases in New Zealand identified living near cattle and contact
with animal manure as significant risk factors for infection (12). This study also found
that outbreaks were rare, and food was not a significant exposure pathway for
infection in New Zealand (12). The connection between contact with cattle and their

faeces has been recognized in other human populations around the world. In England,
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a case-control study found exposure to the farming environment was a significant risk
factor in STEC O157 infection in humans (111). A series of enteric outbreaks, including
STEC, were associated with young children bottle feeding calves at a day camp in
Minnesota, and hand-washing was protective for infection (112). In France, a five year
study of HUS found that dairy cattle density and the ratio of calves to children under
15 years of age was significantly associated with HUS incidence (113). A case-control
study of an STEC O157 outbreak in Pennsylvania found that contact with calves
increased risk of infection, while handwashing was protective (114). Similar discoveries
were made in Argentina, where a case-control study of STEC infection in children
found that eating undercooked beef and living in or visiting a place with farm animals
were risk factors for infection, while handwashing practices after handling raw beef
were protective (3). A survey of dairy families in Canada found that 67.7% of the eighty
families had at least one family member seropositive for stx1, and 30% seropositive for
the O157 antigen (115). The prevalence of stx1 antibodies was highest in children under

5 years of age (78%) (115).

Contaminated water has been recognized as a transmission route for STEC.
Geostatistical investigation of STEC O26 and STEC Oi157 in Ireland found that private
water well usage, cattle density, and home domestic wastewater treatment systems
were associated with human infection (116). A New Zealand case control study also
recognized contact with recreational waters as a significant risk factors for infection,

in addition to cattle associated factors (12).

A summary of the main transmission routes of STEC to humans is illustrated in Figure

2-2,
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Transmission cycle of Shiga toxin-producing E. coli to humans
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4.3.26 Medical treatment of STEC infection in humans

Medical treatment of STEC is supportive, and mainly involves fluid therapy and
dialysis to protect the kidneys, as well as blood products as needed. Early physician
advice emphasized not consuming undercooked ground beef, raw milk, raw fruit
juices, and the importance of hand-washing (117). The use of antibiotics is usually
contraindicated (99). Even if children recover from HUS, 30% can have long term
effects including persistent hypertension, neurological symptoms, proteinuria, and

decreased kidney filtering function (5).

Recognizing the symptoms of STEC is important for public health providers. In an
assessment of physician knowledge of STEC, it was found that while 83% of physicians
submitted bloody faecal samples for culture, less than half (49%) thought their lab
tested for STEC O157, and less than a third (30%) thought they tested for non-O157
STEC (118). Only a third (34%) of respondents correctly correlated a positive Shiga
toxin test as most likely associated with STEC, rather than Shigella sp., and these were

respondents who had a superior knowledge of STEC in other questions (118).

While not helpful to those already infected with the pathogen, global databases such
as FoodNet (https://www.cdc.gov/foodnet) can provide source attribution information
to help prevent further STEC infection from common food sources (119). The
identification of bacterial strains across geographical boundaries can help assist with

recalls of the contaminated food items.

4.3.27 Antimicrobial resistance of STEC: human and cattle prevalence

Since it is currently contraindicated to treat STEC infections with antibiotics,
antimicrobial resistance is not a leading topic in STEC research. However, evaluation

of antimicrobial resistance offers a view of evolution of the bacterium and STEC may
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serve as a sentinel for other bacteria that obtain resistance factors. Antimicrobial
resistance evaluation of over a hundred E. coli from calves in Canada found no
association between the presence of virulence genes (e.g. eae, stx) and antimicrobial
resistance, which was common (89.6% of selected isolates had at least one resistance
gene) (120). In a study of Minnesota dairy farms (n=40), STEC isolates (n=83) had 23%
resistance to tetracycline and 48% resistance to sulfadimethoxine; at the animal level,
77% of isolates from calves and 39% of isolates from cows had antimicrobial resistance
(121). In Belgium, antimicrobial resistance was more common in non-0i157 strains from
humans than O157 isolates, and an extended-spectrum beta-lactamase gene blarewm-s.

was identified in a serogroup 026 isolate (122).

4.3.28 STEC prevalence, risk factors, and transmission dynamics: cattle

The Food and Agriculture Organization of the United Nations estimates that 1.4
billion cattle are farmed worldwide (123). Several studies have estimated the global
prevalence of STEC in cattle. Worldwide dairy cattle prevalence of STEC O157 ranges
from 0.2% to 48.8%, and from 0.4% to 74% for non-O157 STEC (95). A global meta-
analysis of STEC O157 found that 5.68% of cattle (95% CI 5.16-6.2) carry the pathogen,
and feedlot cattle had a higher prevalence than other groups (124). Fifteen countries in
the continent of Africa have reported STEC O157 from either humans, animals, or food
(125).

STEC were isolated in faecal samples from New Zealand cattle and sheep as early as
2002 (126). As confirmed by culture isolation and inferred through sampling at four
processing plants, the New Zealand farm level prevalence of STEC O157 from adult
cattle and calves was 2.8%, and 6% for STEC O26 (127). This study of STEC O26 and

STEC Ois7 prevalence found that calves had a significantly higher prevalence (6.0%)
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than adult cattle (1.8%) (127). Furthermore, dairy farms had a higher prevalence than

beef farms (127).

Calves have been recognized to have a higher prevalence of STEC. While initial
research focused on STEC as a pathogen for calves, a systematic review and meta-
analysis of STEC in calves found that STEC carriage was not associated with diarrhoea,
and the average prevalence of STEC was 19.8% for calves (128). A study of diarrheic
calves in Iran found a 5% prevalence of STEC (129). One to 14 week old weanling calves
were determined more likely to be shedding STEC O157 and STEC O26 on Australian
dairy farms than cows (130). In Denmark, there was a prevalence of 7.3% STEC Oi157 in
bull calves and a prevalence of 25.4% of STEC that were both eae and stx-positive (131).
In Minnesota, USA, STEC O157 was isolated from 4.5% of weaned calves on 4/17
(36.8%) farms examined (132). In Brazil, calves were more likely to harbour STEC than
cows, while season had no effect on prevalence (133). A Scottish study evaluating STEC
026 on a single farm found that over 94% of calves had the serogroup 026 detected
via PCR during the study period, and 17% of these were confirmed via isolation (61). In
the Netherlands, 10.6% of cattle and only 0.5% of veal calves were positive for STEC
O157, and the PFGE profiles were closely related to human isolates (134). stx genes
have been identified in 25% of calves less than one day old on dairy farms in Argentina
(135). Unweaned calves on Minnesota dairy farms had a higher risk of shedding STEC
than adult cattle (OR=2.6) (136). Taken together, these studies indicate that very
young calves are more rapidly colonised and shed STEC in higher proportions than

older cows.
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Risk factors related to farm management for STEC carriage in cattle has been

evaluated in many studies (Table 2-1).

Table 2-1: STEC risk factors related to farm management by country

Risk factor Not a risk factor Country Reference
Farm size; introduction of new )
] Belgium (137)
animals
Milk pails, rather than nipple
feeders; calves 2 weeks to 3 Canada (138)
months
Calves 2 to 6 months Herd size, housing conditions Denmark (139)
Minnesota,
Smaller farms (<100 cattle) (140)
USA
Indoor housing of cattle (OR=4.9) Netherlands (141)
Spreading slurry on pasture;
housing cattle rather than putting Scotland (142)
on pasture
Organic versus conventional )
) Switzerland (143)
farming
Chlorinated vs. non-chlorinated | Washington, (144)
water sources in water troughs USA

Some studies have suggested stress may cause specific cattle groups to have higher

shedding of STEC than others. Observations regarding increased STEC prevalence

post-weaning due to stress may be hampered by observation bias, as sampling was not

performed earlier in the calf’s life. One study implicated the weaning period and

specific diets as a risk for increased STEC O157 shedding, but the sample design

involved relocating 9 month calves from pasture into possibly contaminated sheds for

the duration of the study (145). Stressors, such as high ambient temperatures, first

lactation, or early lactation were implicated in increased STEC shedding of any

serogroup in dairy cattle (146). However this study was only performed between May

and August (summer) in Michigan, leading to biased conclusions on shedding given

that most cattle would be in early lactation and high temperatures prevail during
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these months, with no adequate comparison to winter milking months (146). In
another study in the USA, isolation of STEC O157 pre- and post- weaning was not
found to cause a significant change in prevalence (147). Weaned heifers had a higher
prevalence (1.8%) compared to unweaned calves (0.9%) in one longitudinal study in
the northwestern USA (148). STEC O157 was not found to vary in a cohort of calves in
[taly after transport, weaning, or two months after weaning (149). A metagenomic
study also found no influence of weaning on STEC shedding prevalence (150). The

effect of weaning on STEC shedding is not well established.

STEC and stx has been detected in various sources in the farm and feedlot

environment (Table 2-2).

Table 2-2: Prevalence of environmental contamination of STEC

Risk factor for Outcome .
Prevalence of sample source . Location Reference
cattle variable
37% of ground, 18% of feeder, and

15% of water samples, with 43% of ,

) ) stx Argentina (157)
samples in the rearing calf
environment contaminated
35% of faecal samples and 20% of
) stx France (152)
environmental samples
Ohio, USA,
3 water troughs STEC (153)
20 farms
. . Contamination 19 farms in

17.1% of animals, water, wildlife STEC (154)

of water USA
Feed, water stx USA (155)

STEC

21.7% of water trough samples 0157 USA (144)

The transmission of STEC in calf pen and farm environments has been evaluated in
several studies. A longitudinal study over five months using PFGE profiles of STEC
O157 isolated in twenty feedlot pens indicated that environmental contamination,

rather than incoming cattle, was the most important factor for STEC transmission on
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farms (144). Similar PFGE profiles were seen through the study in the same feedlot,
and there was also little to no evidence of transmission of organisms between pens in
each feedlot, indicating highly local dynamics of transmission (144). In experimental
conditions following direct inoculation of calves, STEC O157 were detected on hides,
pen floors, water troughs, and pen walls as well as in RAMS of calves (58). A
longitudinal study of Wisconsin dairy farms identified marked variation in STEC O157
prevalence, but one farm had a two-year period where calves, drinking water, flies,
pigeon faeces, and adult cattle all tested positive to the same strain of STEC O157 (via
PFGE) (156). A controlled study indicated that calf-to-calf transmission was only
associated with 20% of serogroup 026 infection, while environmental exposure was a
more predominant factor related to transmission (157). Modelling of the transmission
dynamics revealed two-thirds of STEC serogroups were lost by calves in a day, and
40% of infections were attributable to calf-to-calf transmission, with 60% from
environmental sources (158). Increased environmental contamination with STEC was
associated with increased transmission rates in a pen infection-transmission
experiment (159). Increased faecal contamination of calf pens was associated with
increased STEC carriage and hide contamination of calves (159). Increased levels of
faecal contamination of pen floors with STEC O157 were associated with increased
faecal contamination of hides (160). Overall, many environmental and vector related
factors may be associated with STEC transmission in cattle, and there is no

predominant transmission pathway identified at this time.

Cattle may shed STEC for variable periods of time. STEC shedding in calves is more
likely in the first six months of life, and decreases as the calf matures (150). In Japan,

faecal shedding of STEC O157 was a few days to ten weeks in calves, while shedding of
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STEC 026 persisted from one to three weeks (161). In Canada, 25% of calves under one
week of age were shedding STEC O157, and continued shedding for seven weeks while
in calving pens, but the prevalence dropped dramatically after they were moved out to
pasture (162). Metagenomic analyses suggested that STEC shedding was more
common when the calf had a lower diversity of gut microflora (150). Artificial
inoculation of cows and calves with STEC Oi157 found that calves shed the inoculated

strains for longer periods of time, but that shedding patterns varied widely (163).

STEC have been known to persist in the farm environment for long periods of time.
Using PFGE profiling, a study on French dairy farms found that some strains persisted
in the farm environment for up to a year, and strains were unique between farms (152).
Other studies have shown that STEC O157 can survive for at least two months in
sterile water (164). In cheese, STEC O26:Hu1 was found to tolerate a more acidic and

higher salt concentration environment than STEC O157 (103).

The importance of direct transmission from cows to calves has been recognized in
several studies. Udders were found to be a source of STEC contamination, with STEC
detected on udders (54/175) and teats (49/161) from 13 randomly selected dairy farms
in France (152). In Italy STEC O26 and STEC O157 have been detected in milk filters
from dairy farms that sell cheese and raw milk (165). In contrast, an Australian study
did not find any correlation between O26:H1 isolates from dams and calves on farms

(166).

Other animal and insect vectors have been suggested to be involved with STEC
transmission in farm environments. Under experimental conditions, inoculation of

flies with STEC O157 led to transmission to all calves in a pen, as well as drinking
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trough water (167). European starlings were capable of shedding STEC O157 and
transmitting it to calves within three days in experimental conditions (168). Bird
droppings sampled from two farms 32.5 km apart found the same restriction
endonuclease digestion (REDP) subtype of O157:H7, indicating birds are a possible

vector of STEC (153).

Studies of calf to calf transmission have shown variation in their results. A comparison
of STEC strains between calves in sheds showed low variability, indicating within shed
transmission (169). Sampling of calves on a Swedish dairy farm implicated in a human
STEC outbreak found that once calves were moved to pasture, they did not continue
to shed STEC, while calves kept in sheds continued to shed STEC (170). Under
experimental conditions, the average R, for STEC O157 among beef calves was 4.3,
indicating that each infected calf infected over four other calves in the same pen
environment (171). Horizontal transmission of unique STEC O157 strains was not
observed in weaned calves preconditioned in a feedlot setting, indicating that
colonisation occurs early and the animals may not be prone to colonisation at a later
time (172). In a controlled experiment, all calves which shared the same shed as an
STEC Ois7 inoculated calf began shedding the same strain in less than 3 weeks (173).
This study also found that very low (<300 CFU/ml) doses were sufficient to cause
infection (173). Even in a pasture environment, all of the susceptible calves were
shedding STEC O157 within six days after introduction of inoculated calves, with a R,
of 7.3, indicating infected calves spread STEC to seven other calves within the 28 days
of the assumed infectious period (174). This study also noted that susceptible calves
grazing a previously infected STEC O157 pasture that had been fallow over the winter

did not become colonised for over 14 weeks of the study (174). A controlled experiment
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found that group penning led to increased transmission of a traceable STEC strain
among all calves in four days, with pen floors and calf hides also becoming

contaminated (175).

Much of the molecular evidence of STEC transmission indicates localized, on-farm, or
within-shed transmission. Sequence-based PCR fingerprinting of STEC isolates
indicated that isolates taken from pastoral farms in Virginia, USA, were similar,
suggesting within-farm transmission, but no links were found between calves and
dams (169). California dairy farms with high prevalence of STEC O157 had unique
strains on each farm (176). SNP (single nucleotide polymorphism) analysis, indicating
single base changes on common genes between several bacteria, indicated that STEC
O157 populations were dominated by a single sequence, but differences occurred
between farms, and some sequences remained the same after resampling 11 months
later (176). In New Zealand, PFGE analysis of E. coli serogroup O26, the most common
‘Top 7’ serogroup in the study, found that isolates from the same farm were more
similar than isolates from other farms (177). This study did not find any significant
differentiation based on geographical location, but it was focused on a 15 km*area
(177). All STEC O157 isolates from a dairy herd in England that was implicated in a
human outbreak had the same phage type, toxin genotype, and plasmid profile (178).
PFGE of O26:H isolates on Australian farms also found unique strains at each farm

(166).

STEC is commonly found in many environmental sources, and several potential

transmission routes have been identified in many countries. Overall, much of the
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evidence suggests that transmission and persistence of STEC is linked with local

environmental transmission.

4.3.29 Super-shedders

STEC super-shedder cattle have been extensively evaluated in research (179). STEC
super-shedders are defined as animals that excrete >10* CFU per gram of faeces (180).
The idea that specific cattle were mainly responsible for the transmission and
infection of other cattle led to significant interest that detecting and removing these
super-shedders from herds could be a valuable intervention to decrease STEC
prevalence (179). However, there is growing evidence that all cattle may shed STEC at
super-shedder levels at one point in time, and it is not a feature that would be unique

or identifiable to individual animals.

Numerous studies have supported the heterogeneity of shedding by individual
animals. In one study, 24 of a 52 heifer cohort sampled weekly over 18 weeks were
detected as super-shedders; the majority (19/24) of heifers detected as super-shedders
were only detected on a single sampling occasion, indicating that the trait was not
frequently associated with the same animal (181). Furthermore in the same study, daily
shedding prevalence in heifers was highly variable (16.7%-100%), and no significant
association existed between shedding of STEC O157 and the shedding status two days
prior (181). In another study, populations of STEC O157 shed by animals varied
between undetectable to >10° CFU per gram within a few hours; two cohorts of calves
(n=14, n=16) sampled over 5 and 15 days all shed O157 at some point (182). A study to
evaluate super-shedding of STEC O157 and STEC O26 in Irish dairy herds identified
only 4 super-shedders from 529 animals sampled, and none of these were ever

identified more than once (183). A dairy herd that was implicated in a STEC O157
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outbreak had all cattle sampled twice a month for 15 months, and found that shedding
stopped for several months (November to May), and 74% of the animals that tested
positive for STEC O157 only did so on a single sampling occasion (178). A New
Zealand study that pre-evaluated “positive” and “negative” farms for its study design
found that some farms switched to positive and negative throughout the duration of

the study (July to September, 2010) (184).

An in-depth molecular analysis of STEC O157 isolates retrieved from super-shedding
cattle identified 52 unique PFGE patterns, and 19 phage types, indicating that no
exclusive STEC genotype explained their supershedder classification (185). Another
study investigated pathogen excretion through modelling of STEC O157:H7 super-
shedding from feedlot cattle (186). This study concluded that the importance of super-
shedders in transmission is overstated, with a third of the herd having been found to
have been super-shedding throughout the experiment (186). Another study concluded
that within-animal variation of STEC shedding is greater than between animal
shedding over time, and resources would be better spent sampling fewer animals more

times to detect super-shedding (187).

Logistically, enumeration of colonies is limited by the effectiveness of selective media;
the sensitivity of methods to isolate STEC on agar was previously discussed.
Evaluation of super-shedders would also require daily sampling of the same animals
for at least 30 days (181). Finally, no realistic and economic farm level intervention
exists to identify super-shedders in herds and remove them from farms on a national

level.
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4.3.30 Interventions to decrease or eliminate STEC in cattle

Several therapeutic interventions have been evaluated to decrease shedding of STEC
by cattle. The most commonly used method is increasing immunity in cattle to STEC,
either through colostrum or vaccination. Increased antibody titres to serogroup 026,
O, and O157 have been demonstrated in calves after administration of colostrum

(188).

Several vaccines have been evaluated for decreasing STEC shedding in cattle.
Vaccination of pregnant cows did allow for transfer of Shiga toxin 2 neutralizing
antibodies via colostrum to calves (189). One vaccine study used bacterial ghosts of
STEC Oa157, a cell with no cytoplasm, and found a decrease but not elimination of
STEC Ois7 shedding after two vaccinations (190). A separate vaccine study evaluated
the use of vaccines both on the pre-partum dam and on their calves, and found no
significant differences in faecal shedding of STEC O157 between the treatment and
control groups (191). A multivalent vaccine based on various virulence genes showed
STEC O157 shedding was reduced in calves, but had no effect on the proportion of
calves colonised (192). However, the proportion of calves colonised decreased when
serotype specific targets (H7 flagellin) were used (192). Vaccine studies have also

assessed the potential ability to decrease Shiga toxin 2 shedding in vitro (193).

There is some doubt that an immune response would help prevent the shedding of
STEC in the digestive tract of a reservoir animal. Serological testing of fifteen beef
herds across the Midwestern USA found, using serological anti-O157 antibody testing,
that most calves (83%) and all herds had been exposed to STEC O157 (194). This would
indicate that most calves already have the ability to produce a protective immune

response to STEC without the use of a vaccine intervention. Dexamethasone-induced
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immunosuppression of calves challenged with STEC O157 showed no difference in
duration of shedding from those who were not immunosuppressed, and little
difference in prevalence of bacterial shedding (195). Also, serology of dairy cows with
STEC Ois7 found no correlation between shedding and antibody titres (196). A New
Zealand study found carriage of STEC O157 was not associated with the concentration

of IgG in the serum of calves at processing plants (83).

With a previously mentioned R, of 4.3 of STEC transmission among calves, 65-86% of
the herd would need to be effectively vaccinated to eliminate STEC from the herd
(171). The key question is whether the cost and effort required in individually dosing
cattle is realistic; the practicality of vaccination becomes even more tenuous when
considering interventions for young bobby calves, which in New Zealand are

predominantly sent to slaughter at four days of age.

Other therapeutic interventions include the feeding of antibiotics, prebiotics, or
probiotics. Supplementation of the antibiotic oxytetracycline in milk replacer for
calves did not result in any difference in STEC O157 shedding from the control group
(197). An evaluation of a prebiotic, Celmanax®, suggested it decreased carriage of STEC
in calves, but this relationship was only seen once and not consistently during other
seasons when the research was performed (198). An assessment of probiotic treatment
found no significant difference in faecal shedding of STEC O157, STEC 026, and STEC
O inoculated calves during the first week of life, although the probiotic group had

less long term shedding for the 026 and O1n serogroups (199).
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4.3.31 Prevalence, risk factors, and transmission dynamics: cattle processing plants

The prevalence of the ‘Top 7 STEC has been evaluated in cattle processing plants in

many countries (Table 2-3). An Australian study identified veal as the highest

prevalence group when compared with older cattle, both from PCR testing (46.0%)

and bacterial isolation (12.7%) of the ‘Top 7 STEC.

Table 2-3: Prevalence of STEC at cattle processing plants

Prevalence of sample

Animal class Diagnostic target Location | Reference
source
10.5% faecal, 2.6% carcass Calves STEC O157 bacteria Argentina (200)
Calves and non-O157 "Top 7' STEC ,
44.5% faecal samples Australia (82)
cows serogroup, eae, stx
25.9% faeces, 64.9% )
) Dairy cattle ‘Top 7" STEC, NeoSEEK USA (201)
hides, 7% carcass
6.5% faeces, 15.6% hides, ) .
Dairy cattle ‘Top 7' STEC bacteria USA (201)
1% carcass
90% hides, 68% carcass Calves Non-O157 STEC, NeoSEEK USA (202)
6.3% RAMS and carcass Cattle STEC O157 bacteria Turkey (203)
16% faecal, 4% carcass Calves STEC O157 bacteria Italy (204)
17.6% hides, 2.3% f. ,
aes aeces Beef cattle STEC O157 bacteria Ireland (205)
0.7% carcass
20% hides, 7% carcass Calves STEC O157 bacteria USA (202)

Various risk factors can be linked to carcass contamination. For instance, the

connection between hide contamination and carcass contamination is well

established. Greater concentrations of STEC O157 on hides were correlated to greater

concentrations of STEC O157 on pre-evisceration carcasses (206). Another study in

Australia also found that detection of a non-O157 STEC serogroup in a faecal sample

was associated with prevalence in a hide sample (201). STEC biofilms in processing

plants may be a significant barrier to proper disinfection, and allow the persistence of

STEC in the processing plant environment (207). Carriage of STEC O157 was not
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associated with carcass weight or gender of calves in a study of veal processing plants

in the North Island of New Zealand (83).

Transmission during transportation can likely influence STEC prevalence at
processing plants. A study of STEC prevalence in cattle trailers in Canada found a high
prevalence of E. coli serogroups via PCR (>90% for O45 and O103, 75-85% for O26 and
0157, 50-70% for O121, and <10% for On1 and O145) (81). STEC O157 hide prevalence
increased from 50.3% to 94.4% between the time cattle were loaded for transport and
stunned at the processing plant (208). Only 29% of STEC O157 isolates collected at the
processing plant matched isolates collected on farm using PFGE, indicating cross-

contamination of carcasses from other sources (208).

4.3.32 Interventions for STEC in cattle at processing plants

The evaluation of chemical and physical interventions on processing lines at cattle
processing plants is a well described and researched topic that is not assessed in this
thesis. However, the value of educational outreach and food safety training at cattle
processing plants cannot be overlooked. An assessment of current processing plant
practices in the Netherlands revealed half the plants had structural and procedural
inadequacies that led to contamination of carcasses (209). This study led to significant
improvements in hygiene practices. A previously mentioned USDA study in veal
processing plants found that after three processors improved their harvest process as
recommended by the USDA-FSIS, there were significant drops of almost 50% in the
contamination levels of hides compared to carcasses (202). Last year, the Meat
Industry Association in New Zealand worked together with the Ministry of Primary
Industries to introduce nine initiatives aimed at reducing the risk of STEC

contamination of veal, including hosting STEC workshops targeted at senior
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operators, supervisors, technical staff and on-site verification staff. This was repeated
prior to the 2017 spring calving season with excellent attendances at four locations

throughout the country (14).

4.3.33 Relevance

STEC is a zoonotic pathogen, therefore an understanding of the interaction between
the reservoir host, the environment, and humans is critical for the development of
new transmission mitigation opportunities and assessing their effectiveness. While
several previous New Zealand studies have effectively recognized the importance of
cattle in the farm environment as a risk to humans, as well as performed prevalence
studies with cattle processing plants to estimate prevalence, there is no direct
knowledge of the STEC prevalence nationally, nor how STEC is transmitted in the
farm environment to high risk cattle populations (e.g. young dairy calves processed for
veal). Furthermore, while previous studies in New Zealand have evaluated STEC
prevalence at cattle processing plants, no research has assessed the link between the
farm environment and eventual contamination of carcass at processing plants. These

knowledge gaps are addressed in this thesis.

Advanced molecular methods of detection and evaluation are utilized in this thesis.
The application of the PCR/MALDI-TOF assay allows for a superior assessment of true
prevalence of STEC both in animals and the environment, which is a great benefit to
this epidemiological research. While previous studies have utilized PFGE typing to
understand source attribution or transmission dynamics, this method does not have
the unparalleled sensitivity of whole genome sequencing. This thesis utilizes whole

genome sequencing to evaluate STEC at the cellular level, as well as applying the
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technology to assess the broader evolution and population dynamics to understand

the broad epidemiology of this pathogen in New Zealand and around the world.

Current direct interventions to decrease STEC in cattle, such as the use of vaccines or
probiotics, have mixed results. These methods also may be expensive and time-
consuming; making them unrealistic for application by farmers at a national level.
Evaluating the prevalence and transmission dynamics of STEC on dairy farms may
lead to effective and realistic interventions that could benefit public health, as well as

decrease the risk of STEC contamination of beef.
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Preface to Chapter 3

I'm taking this bloody car to Invercargill, boy!

John, Good Bye Pork Pie
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3 Molecular epidemiology of Shiga
toxin-producing Escherichia coli (STEC)
on New Zealand dairy farms:
application of a culture-independent
diagnostic test and whole genome
sequencing

3.1 Abstract

New Zealand has a relatively high incidence of human cases of Shiga toxin-

producing Escherichia coli (STEC), with 8.9 STEC cases per 100,000 people reported in
2016. Previous research showed living near cattle and contact with cattle faeces as
significant risk factors for STEC infections in humans in New Zealand, but infection
was not linked to food-associated factors. During the 2014 spring calving season, a
random stratified cross-sectional study of dairy farms (n=102) in six regions across
New Zealand assessed the prevalence of the “Top 7 STEC (serogroups O157, 026, O45,
0103, O, O121, O145) in young calves (n=1,508) using a culture-independent
diagnostic test (PCR/MALDI-TOF). Twenty percent (306/1,508) of calves on 75%
(76/102) of dairy farms were positive for at least one of the ‘Top 7 STEC. STEC carriage
by calves was associated with environmental factors, increased calf age, region, and
increased number of calves in a shared calf pen. Strong clustering of “Top 7’ STEC
positive calves was observed for the O157, 026, and O45 serogroups within the same
pens and farms, indicating that if one calf was positive, others in the same immediate

environment were more likely to be positive as well. This finding was further
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evaluated with whole genome sequencing that indicated a single E. coli O26 clonal
strain could be found in calves in the same pen or farm, but diverse strains existed on
different farms. This study provides evidence that would be useful for designing on-

farm interventions to reduce direct and indirect human exposure to STEC.

3.2 Introduction

Worldwide, Shiga toxin-producing Escherichia coli (STEC) are a growing public health
concern. Large scale outbreaks in Europe (1) and the United States (2) have continued
to occur. Furthermore, human STEC cases in Argentina have a high rate of serious
clinical complications (3). Although STEC may have a lower prevalence than other
notifiable zoonotic diseases (4), the pathogen’s propensity to affect very young
children, leading to potential long term kidney and brain damage (5), is a concerning
public health issue. STEC are primarily transmitted via the faecal-oral route. Ruminant

animals, particularly cattle, have been identified as the most important reservoir (6).

New Zealand has a relatively high incidence of notified STEC infection in humans,
with 8.9 STEC cases per 100,000 population reported in 2016 (210), compared to 2.85 in
the USA in 2016 (9), and 12.92 in Ireland, 5.08 in the Netherlands, and 2.05 in the
United Kingdom in 2015 (10). Since it became a notifiable disease in New Zealand,
there has been a general increase of STEC cases annually, with both STEC O157:H7 and
non-0157 STEC causing human disease (11). A New Zealand case-control study
identified contact with animal manure and the presence of cattle in the local area,
along with contact with recreational waters, as significant risk factors for human STEC
infection (12). Interestingly, the same study did not identify food as a statistically

significant exposure pathway in New Zealand (12). Previous research findings overseas
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have highlighted beef food products and raw produce as the main sources of human
infection (6, 72, 211), but findings in the United Kingdom also identified an important
contribution from environmental sources (111). Determining the carriage of STEC in
ruminant hosts, through targeted national studies, will help our understanding of the

epidemiology of this important pathogen.

Since the 1993 outbreak of STEC O157:H7 in the United States (16), monitoring and
regulatory requirements regarding this pathogen have increased. Having found STEC
O157:H7 in raw ground beef, plus outbreaks associated with consumption of
undercooked beef patties, the US declared STEC O157:H7 an adulterant of beef in
1994, followed by declaration of six additional serogroups (026, O45, 0103, On1, O121,
O145) as adulterants in 20m (13). These six additional serogroups and STEC O157 are
known as the ‘Top 7 STEC. In 2015-2016, 50% of New Zealand beef exports were sent
to the United States (212). Given the importance of agricultural exports for the New

Zealand economy, STEC is an economic as well as a public health concern.

Previous research in New Zealand identified a higher STEC O157 and STEC O26
prevalence in young calves compared to adult cattle (127), and this finding has been
supported by ‘Top 7 STEC research in other countries (133, 150, 213, 214). New Zealand
dairy farms follow a seasonal calving strategy, where surplus dairy calves, known as
bobby calves, may be slaughtered at a very young age (four to ten days old). The
higher prevalence of STEC among very young calves means that preventing
inadvertent contamination of veal during dressing of carcasses at primary processing
is an important risk management goal. Similarly, reducing children’s contact with

calves is likely to lessen the risk to human health.
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Culture-based approaches for confirmation of STEC are the gold standard method.
However, they have a low sensitivity, particularly with regards to isolation of non-O157
STEC, and this makes it difficult to estimate the true prevalence in epidemiological
studies (90). The USDA recommended formulation for Rainbow Agar was found to
inhibit growth of 20 of 96 examined STEC strains in a laboratory study (78). There
were also a large range of STEC colony colours on Rainbow Agar, despite
recommendations that certain colony colours indicate whether a colony is STEC or
non-STEC (78). Culture isolation methods often involve the use of immuno-magnetic
separation (IMS) using beads which bind to the target O antigen of the bacteria to
increase sensitivity. A comparison of direct plating after enrichment and using
immuno-magnetic separation (IMS) beads before plating found that only the O157
serogroup benefited from IMS, and this method did not have any beneficial effect on
isolation of the four of the other ‘Top 7 STEC’ serogroups evaluated (026, 0103, O,
0O145) (69). Another study of the non-O157 ‘Top 7 STEC showed that experimentally
spiked faecal samples had varying success rates of retrieval using IMS: 92.3% for 026
and 100% for O103, in comparison to 38.5% for O121 and 43.8% for O (80). For
naturally occurring faecal samples that tested positive for these serogroups using
molecular screening methods, the retrieval was much lower: 21-25% for 026 and O4s5,
and 6-10% for O145, O121, Ou1, and O103 (80). A study in the USA using faecal samples
from feedlot cattle (n=108) and dairy cattle (n=108) isolated 33.1% (53/160) and 35.5%
(11/31) of PCR-positive samples for E. coli O157 and non-O157 serogroups using
bacterial isolation methods, respectively (63). Despite a PCR prevalence of serogroups
0157, 026, 045, and 026 exceeding 78% in one research study, only 4-10% of the

samples had STEC isolates successfully isolated (81). A Scottish study evaluating STEC
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026 on a single farm found that over 94% of calves (n=664) had the serogroup 026
detected via PCR during the study period, and 17% of these were confirmed via
isolation (61). One extensive study that evaluated several methods for bacterial
isolation of ‘Top 7 STEC found that no enrichment protocol would work for all
artificially inoculated samples, and significant variation occurred with naturally
contaminated samples (79). In addition, neither one nor a combination of agars could
identify all STEC serogroups in artificially or naturally contaminated beef. The authors
concluded that no single method or combination of methods was capable of
identifying all STEC serogroups (79). Overall, there is a marked disparity between the
detection of samples containing ‘Top 7 STEC serogroups and virulence genes (stx,

eae), and the bacterial isolation of STEC from those samples.

The utilization of culture independent diagnostic tests (CIDTs) to detect bacterial
zoonoses is rapidly increasing, and such methods for detecting STEC are widely
utilized (91). Furthermore, the utilization of CIDTs had led to an increased detection
of STEC via culture dependent methods in the United States (9). Thus, the
development of culture-independent assays for STEC detection which are sensitive
and specific will improve epidemiological studies of this pathogen. In this study, we
used an established molecular confirmation method: NeoSEEK (NeoSEEK STEC
Confirmation, Neogen Corporation, Lansing, MI, USA). NeoSEEK uses PCR
amplification to generate allele-specific DNA products of different masses, and chip-
based mass spectrometry to analyse the extension products. The assay is based on the
presence of single nucleotide polymorphisms (SNPs) in the O-antigen gene cluster
that can differentiate between STEC and non-STEC bacterial strains of the same

serogroup (88). NeoSEEK uses over 89 gene targets via PCR/MALDI-TOF to detect the
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presence of the ‘Top 7" STEC without the need for agar-based culture isolation. This
assay has a “Letter of No Objection” from the USDA-FSIS, and is used commercially as
a confirmation method for detection of STEC in ground beef and beef trim. The
evaluation and application of this technology in this study to detect faecal carriage of
STEC in calves is unique. Using culture-based and real-time PCR methods, we

assessed the use of NeoSEEK for detection of New Zealand STEC.

Whole genome sequencing (WGS) offers an unparalleled resolution to assess the
genetic similarity between closely related bacterial strains. We retrieved serogroup
026 bacterial isolates, and a subset of these underwent WGS and subsequent
comparative analysis. The primary aim of this evaluation was to compare the similarity
of the isolates retrieved from calves in the same calf pen, same farm, and same region,

in comparison to other calves.

This study examined the prevalence of young calves shedding ‘Top 7' STEC (O157,
026, 045, 0103, O11, O121 and O145) on dairy farms in New Zealand. We estimated
the spatial distribution of STEC-positive farms, clonal relationships of STEC bacteria
in calves by pen and farm, and determined risk factors for STEC carriage by calves
which could potentially be targeted for control. By understanding and reducing STEC
from its source, we hope to decrease the risk of both veal meat contamination and

human exposure to STEC on farms.

3.3 Materials and Methods

The Animal Ethics Committee of Massey University, Palmerston North, New Zealand

approved this study on April 17th, 2014, under protocol number 14/29.
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4.3.34 Sample size calculations

We performed sample size calculations using a cluster-sample calculation with a
design effect of 3.6, based on a previous repeated cross-sectional study of STEC O26
and STEC O157 at cattle processing plants in New Zealand (127). Table 3-1 contains
sample size calculations for the number of farms and calves required to be 95% certain
that the prevalence estimate is within +/-20% of the true prevalence. Given previous
estimates of STEC O26 and STEC O157 prevalence in calves in New Zealand, we used a
conservative estimate of 20% farm prevalence of the “Top 7 STEC, and aimed to
recruit a minimum of 93 farms and sample a maximum of 15 calves per farm. The
critical probability for all statistical analyses was p<o.0s5.

Table 3-1: Sample size calculations for farms and calves with cluster-sample design

effect of 3.6

Estimated ‘Top 7’ STEC farm prevalence* Farms needed Calves per farm Total samples

25% 53 20 1060
25% 70 15 1050
25% 105 10 1050
20% 70 20 1400
20% 93 15 1395
20% 139 10 1390
15% 99 20 1980
15% 132 15 1980
15% 197 10 1970

*Based on one animal being positive for any of the "Top 7' STEC

4.3.35 Random stratified farm selection

We selected farms using a stratified random sampling scheme based on regionally

proportioned sampling of the number of farms in each region. We targeted the six

57



largest dairy regions, which account for approximately 75% of the dairy farms in New
Zealand: Northland, Waikato, Taranaki, Manawatu-Wellington, Canterbury, and
Southland (215). Given a 60-day calving period, only farms with a documented herd
size of more than 150 milking cows were eligible, to ensure enough calves would be
present on the day of sampling. Potential farms were selected randomly from a
national farm database (Agribase™, AsureQuality Limited, Auckland, New Zealand)
and contacted by telephone, leading to the recruitment of 102 dairy farms (Table 3-2).

Table 3-2: New Zealand dairy farms per region sampled and milking herd size,

based on farm manager records

Region (number of farms) Median herd size Range*
Northland (10) 210 35 to 920
Waikato (35) 360 120 to 960
Taranaki (19) 320 140 to 560
Manawatu-Wellington (12) 440 320 to 1100
Canterbury (14) 800 200 to 1960
Southland (12) 580 440 to 980

*Farms in three regions contained fewer than the target 150 milking herd size on the day of
sampling; adequate numbers of calves were sampled

4.3.36 Random animal selection and sampling within calf pens on farms

We categorized calves into two groups: young calves from two to nine days of age, and
older calves from 10 to 21 days of age. Given the focus on ‘Top 7' STEC prevalence in
very young calves, where possible ten calves were sampled in the young age group,

and five in the older age group.

Sampling of calves occurred during a single farm visit from July 28" to September 24™
during the 2014 Spring calving season. For this study, ‘pen’ was defined as an enclosed

area where calves had direct contact with each other and shared water and feeding
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resources. After identifying calf ages, up to three pens were selected that allowed for
the maximum number of animals in the two age groups to be sampled, with equal
numbers per pen where possible. A random number generator was used to select pens
if more than three suitable pens were available for sampling. If more than five animals
were present in a pen, a spin-pointer mobile phone application was used to randomly
select the first calf to be sampled, after which animals were chosen in an alternating
manner in the clockwise direction, in proportion to the total calves in the pen. Calves
were marked for selection and then again following sampling to maintain the random

selection and prevent resampling.

Animals were excluded from sampling if they appeared injured or sick, based on visual
clinical assessment by the sampler (A.S. Browne: a registered veterinarian). In total,
1,508 young calves from 267 pens were sampled by collecting recto-anal mucosal
swabs (RAMS) from each calf using Amies transport swabs (Copan Diagnostics Inc.,
Brescia, Italy). All RAMS were kept on ice in an insulated container immediately after

sampling, until they were shipped for processing the same day as they were collected.

4.3.37 Initial laboratory processing

All RAMS were shipped on ice overnight to "EpiLab, Massey University, Palmerston
North, and enriched in modified Tryptone Soya broth (mTSB, Oxoid Limited,
Hampshire, United Kingdom) at 42°C for 15-21 hours. Genomic DNA was extracted
from 1mL of enrichment broth using a double-wash boil preparation method,
according to the GeneSeek laboratory’s instructions, and frozen at -80°C. The DNA
samples were shipped to GeneSeek Operations (Lincoln, Nebraska, USA) on dry ice.
All samples were analysed using the PCR/MALDI-TOF assay, NeoSEEK, for presence

of the ‘Top 7 STEC.
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4.3.38 Evaluation of NeoSEEK for New Zealand ‘Top 7’ STEC detection

A technical report, including summary data from the study conducted for NeoSEEK to
receive a Letter of No Objection, is available online (216). Prior to field collection of
samples for this study, 100 characterised New Zealand STEC and non-STEC isolates
from the six serogroups (026, O45, 0103, O121, O145, and O157; n=88) as well as non-
‘Top 7’ serogroups (n=12) from the Ministry of Primary Industries (n=64) and the
Hopkirk Institute (n=36) culture collections were obtained and used by the Institute of
Environmental Science and Research to evaluate the detection efficacy of the
NeoSEEK assay. One Australian STEC O isolate was also tested as no STEC O111 has
been isolated in New Zealand. All 101 isolates had undergone serological analysis and
previously been characterized by PCR for the presence of stx1, stx2, and eae virulence

markers; there was 100% concordance with the NeoSEEK assay.

All DNA samples derived from the calf faecal samples, in addition to being submitted
for NeoSEEK analysis, were tested for the ‘Top 7’ serogroups at "EpiLab using a real
time PCR (RT-PCR) assay (66). All DNA samples were run with positive, negative, and
blank template controls using PerfeCTa® Multiplex gPCR ToughMix® (Quanta
Biosciences, Beverly, Massachusetts, USA) on a Rotor-Gene Q 5plex HRM Platform
(Qiagen, Hilden, Germany). In-house validation of the RT-PCR method revealed a
limit of detection (LOD) of 10* colony forming units (CFU) per mL for all serogroups
evaluated, except for O157 and O103 where the LOD was 10". The LOD of the NeoSEEK

assay was approximately 10> CFU/mL (E. Hosking, pers. comm.).

Latent class modelling (217) was used to estimate the sensitivity and specificity of
serogroup detection of the ‘Top 7' STEC serogroups. This modelling technique is used

to compare two diagnostic tests, when neither is considered a “gold standard”. Latent
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class analyses were performed (https://github.com/jmarshallnz/Icar) to calculate a
95% ClI for the sensitivity and specificity of the NeoSEEK and RT-PCR methods for
detection of all seven serogroups for the 1,508 DNA samples (Appendix Table 1,
Appendix Table 2, Figure 2-1). Latent class analyses also produced prevalence
estimates of all seven serogroups by three factors: region (n=6), age of calf (young and

old), and location in the North or South Island.

Sensitivity of NeoSEEK and RT-PCR Assays Specificity of NeoSEEK and RT-PCR Assays
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Figure 3-1: Sensitivity and specificity of NeoSEEK and RT-PCR assays for detection of the ‘Top
7' serogroups in calf faecal enrichment samples (n=1,508)

All 1,508 calf RAMS samples collected were enriched and stored in a glycerol (4:1 ratio)
suspension in a -80°C freezer. The isolation of individual STEC from frozen
enrichment broth was important for confirming the STEC detection using molecular
methods (NeoSEEK, RT-PCR), as well as analysis of the bacteria using whole genome
sequencing. Recovery of bacteria from frozen enrichment broth samples was

attempted based on the NeoSEEK assay results for “Top 7' STEC positive samples.

Due to the large number of STEC bacteria detected by analysis of all 1,508 samples

using the NeoSEEK assay (n=408), and the costs and labour required for testing and
isolation of bacteria from enrichment broth samples, isolation was prioritized based
on serogroup. Due to their public health importance, recovery was attempted on all

STEC O157 (n=29) and STEC O26-positive (n=109) samples using a modification of
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USDA-FSIS methods (52, 53). STEC recovery was attempted on samples using sorbitol
MacConkey agar supplemented with cefixime and tellurite (CT-SMAC) and rhamnose
MacConkey agar supplemented with cefixime and tellurite (CT-RMAC) (Fort Richard
Laboratories, Auckland, New Zealand) for STEC O157 and STEC O26 respectively,
using immuno-magnetic separation beads (IMS) (Abraxis, Warminister, Pennsylvania,
USA). The methods used were adapted from the USDA-FSIS methods (52, 53) to
include an initial “direct” culture screen, where frozen glycerol enrichment culture
was plated directly onto selective agar (CT-SMAC for O157 and CT-RMAC for 026). If
target STEC serogroups were not identified, frozen glycerol enrichment broth was re-
enriched in mTSB broth and immunomagnetic separation (IMS) was attempted
according to manufacturer’s instructions. Up to ten colonies were tested for the
specific serogroups on a plate using latex agglutination, and up to four positive
individual isolates were subcultured and stored frozen with glycerol. Subcultured
isolates were confirmed for serogroup and tested for virulence-associated genes using

an in-house RT-PCR (66).

4.3.39 Whole genome sequencing, assembly, and analysis of E. coli serogroup 026 isolates
retrieved from calf faecal samples

We used random stratified selection by region, farm, and calf pen to select 66
serogroup 026 bacterial isolates (45/66 STEC 026, 21/66 non-toxigenic 026) for
whole genome sequencing. Multiple isolates were selected from four calves to evaluate
within-animal diversity. We performed DNA extraction from a single colony picked
from Columbia Horse Blood Agar (Fort Richard Laboratories, Auckland, New Zealand)
using the QIAamp® DNA MiniKit (Qiagen, Hilden, Germany), and prepared the

libraries using the Nextera XT DNA Library Preparation Kit (Illumina, San Diego,
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United States). Prepared libraries were submitted to New Zealand Genomics Limited
(University of Otago, Dunedin, New Zealand), who performed sequencing using
[llumina MiSeq 2x250 PE and [llumina HiSeq 2x125bp PE v4. Processed reads are
publicly available on the NCBI Sequence Read Archive (SRA) under BioProject ID

PRJNA396667.

Raw sequences were evaluated, assembled, annotated, and analysed using the
Nullarbor pipeline in the “accurate” mode (218). RaxML maximum-likelihood trees
were generated from Roary data for core genes via single nucleotide polymorphism
(SNP) analysis of core genes, and accessory genes via a presence/absence matrix (219).
Assembled genomes were batch uploaded to the Center for Genomic Epidemiology
server for identification of virulence factors, multilocus sequence type (ST),
antimicrobial resistance genes and somatic (O) and flagellar (H) type (220). A distance
matrix was created from the SNP distances between isolates, and a dissimilarity matrix
was created from the presence/absence matrix of the accessory genome from Roary, as
well as the 26 virulence genes predicted by the Center for Genomic Epidemiology
output, and all three were evaluated in PERMANOVA and CLUSTER (PRIMER-E,
Quest Research Limited, Auckland, New Zealand) with region and farm as

independent factors.

Figures depicting the phylogenetic relationships and associated variables were created
using iTOL (Interactive Tree of Life) software (221), and further amended using

Inkscape open source software version 0.92.2 (https://inkscape.org).
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4.3.40 Data Retrieval and Statistical Analysis

At the time of the visit, written consent to participate in the study was obtained from
a manager on every farm. Animal and farm level data, including management and
environmental factors, were collected from each farm through observation, electronic

devices, and interviewing a manager on every farm (Appendix Table 3).

All statistical analyses were performed using R Version 3.2.1 (222). Eight outcome
variables were considered: the presence or absence of each of the ‘Top 7 STEC, and an
additional variable specifying the presence or absence of any of the “Top 7' STEC. All
factors were first assessed using machine learning techniques from the
“randomForest” package (223). The most important 10% of factors identified in the
“randomForest” analysis were considered as explanatory fixed effects in a linear
mixed-effects model, with “pen” within “farm” included as random effects variables
(28). A preliminary model was generated by stepwise backward elimination of the
least significant variables, and eliminated variables were assessed for confounding.
Confounding variables, determined by a change of >30% in the main variable
coefficient, were kept in the model even if they were non-significant. Intraclass
correlation (p) was calculated using the “aod” package with a Monte Carlo 1-way
generalized linear mixed model (224). A description of the strength of correlation is as
follows: 0.00-0.19: “very weak”; 0.20-0.39: “weak”; 0.40-0.59: “moderate”; 0.60-0.79:

“strong”; and 0.80-1.0: “very strong”.

3.4 Results
4.3.41 Prevalence of ‘Top 7’ STEC serogroups by latent class analysis of RT-PCR and NeoSEEK

Our in-house RT-PCR assay was only able to detect the presence of the O-serogroup in

a sample, whereas the NeoSEEK assay was able to discriminate between stx-
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positive and stx-negative E. coli of a ‘Top 7 STEC serogroup (e.g. STEC O26 versus
non-toxigenic 026). By using latent class modelling techniques, the prevalence of
these serogroups was determined using both assays to give a more robust estimation
of serogroup prevalence (Figure 3-2, Figure 3-3). This modelling technique required
the calf population to be divided into groups for comparison; we therefore stratified by

region, North and South Island, and age: young (2 to 9 days) and old (10 to 21 days).
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Figure 3-2: "'Top 7' serogroup prevalence (with 95% Cl), including both STEC and

non-STEC, detected in calves (n=1508) by region, using latent class analysis of

NeoSEEK and RT-PCR results
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Figure 3-3: "'Top 7' serogroup prevalence (with 95% Cl), including both STEC and
non-STEC, detected in calves (n=1508) by island and age (young, 2 to 9 days; old,
10 to 21 days), using latent class analysis of NeoSEEK and RT-PCR results

There were notable differences in estimated serogroup prevalence between groups.
Northland, Manawatu-Wellington, and Waikato had high prevalence of several
serogroups compared to other regions, particularly serogroup O26 and O45 E. coli
(Figure 3-2). Prevalence between older and younger calves was similar, but older
calves had a higher prevalence of O145 and 026 serogroups (Figure 3-3). Finally, the
North Island had a higher prevalence of most serogroups, with the exception of 026,

which was similar between the two islands (Figure 3-3).

4.3.42 ‘Top 7' STEC detection via culture-independent methods

NeoSEEK detected 20.3% (95% CI 16.1-24.5) of the calves on 75% (76/102) of the dairy
farms as positive for at least one of the “Top 7' STEC (Table 3-3). NeoSEEK identifies
both the presence of a “Top 7 serogroup, as well as the presence of eae and stx genes,

within the same serogroup. All ‘Top 7’ STEC, except for STEC O121, were detected in
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samples taken from the New Zealand dairy farms tested. The highest estimated STEC
prevalence at the farm and calf level was STEC O145 and STEC O26, while STEC O
was only detected in recto-anal mucosal swabs (RAMS) from three calves located on
one farm in the Northland region. Prevalence maps illustrate the regional variability of
prevalence of ‘Top 7 STEC in New Zealand (Figure 3-4). ‘Top 7 STEC prevalence
varied between serogroups, with STEC 026 more commonly detected in the South
Island (Canterbury and Southland), and a much higher prevalence of STEC O45

detected in Northland compared to other regions.
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Table 3-3: Farm (n=102) and calf (n=1,508) level prevalence of the Top 7' STEC on New Zealand dairy farms

STEC STEC STEC STEC STEC STEC STEC Any 'Top 7'
0103 0121 o111 0145 0157 026 045 STEC?#
Calves
75 0 3 148 29 109 44 306
(number +ve)
% +ve 5.0% 0% 0.2% 9.8% 1.9% 7.2% 2.9% 20.3%
[95% Cl] [2.7-7.2] [0.0-0.6] [6.7-12.9] [0.5-3.3] [4.5-9.9] [1.2-4.7] [16.1-24.5]
Farms
36 0 1 44 15 23 18 76
(number +ve)
% +ve 35% 0% 1% 43% 15% 23% 18% 75%

#The detection of at least one of the “Top 7' STEC in an individual calf. 408 instances of “Top 7' STEC were detected, but some calves shed multiple STEC
serogroups: 1 serogroup (n=217), 2 serogroups (n=76), 3 serogroups (n=13) (Appendix Table 4)
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Figure 3-4: Calf (n=1,508) and farm (n=102) level prevalence of the "Top 7' STEC

on New Zealand dairy farms by region (n=6)

70



The virulence genes used to define “Top 7 STEC, stx and eae, were common in calf
samples; NeoSEEK detected stx in 70.5% of the calf samples, and eae in 57.6% of calf
samples. Both eae and stx genes were detected in 45.4% of calf samples, however it is
important to note that this did not necessarily indicate a “Top 7’ STEC was present. stx
was detected in at least one calf sample from all farms in the study, while eae was
detected in at least one calf sample from 101 of the 102 farms. These detections were
based on only a single target gene, therefore they could be present in different E. coli
bacteria; these data are provided for comparison with PCR or RT-PCR detection of
virulence genes in enrichment broths in other research studies. Statistical analysis
revealed strong clustering of ‘Top 7 STEC positive calves within pens, and some strong
clustering of calves on farms, most notably with the STEC 026, STEC O157, and STEC
O45 serogroups (Table 3-4).

Table 3-4: Intraclass correlation (p) values of STEC using farm (n=102) and calf pen

(n=267) as a random factor

STEC O103 STEC O145 STEC O157 STEC O26 STEC O45 Any ‘Top 7° STEC

Farm 0.13 0.29 0.61" 0.68" 0.62" 0.24
Calf pen 0.57 0.60" 0.71" 0.79" 0.77 0.34

“Strong clustering observed

Calf and farm level risk factors were evaluated for the three most prevalent STEC
serogroups (STEC 026, STEC O103, and STEC O145) and the presence of any ‘Top 7’
STEC. Due to the low calf-level prevalence of STEC O157 (n=29 calves), STEC O45
(n=44 calves), and STEC O (n=3 calves), it was not possible to create a final model
using the same statistical technique for these serogroups, therefore significant risk

factors were not identified. Region, higher humidity measured inside the calf pen
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compared to outside the calf housing area, older calf age, and increased number of
calves in a pen were all identified as significant risk factors for the presence of any
‘Top 7 STEC (Table 3-5). Individual STEC serogroup analysis revealed increased
number of calves in a pen (STEC O26; Table 3-6), increased pen humidity and a high
ammonia presence (determined subjectively) in a pen (STEC O103; Table 3-7), and
region, increased age, and increased pen humidity (STEC O145; Table 3-8) as

significant risk factors.
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Table 3-5: Logistic mixed effects regression model of factors associated with

prevalence for any ‘Top 7' STEC

Factor OR 95% Cl p-value
Humidity: Difference between inside pen vs. outside the calf

1.09 1.02,1.16  0.006
housing area (increase in 1% relative humidity)

Region (compared to Northland) 0.001t
Waikato 0.09  0.03,0.29 <0.001"
Taranaki 0.11 0.03,0.39  <0.001"
Manawatu-Wellington 0.23 0.06, 0.87 0.030"
Canterbury 0.19 0.05,0.72 0.014"
Southland 0.30  0.08,1.13 0.076

Number of calves in calf pen: Increase of one calf 1.04  1.01,1.07  0.003"

Temperature: Difference between inside pen vs. outside the

1.20  0.96,1.49  0.114%
calf housing area (increase of 1°C)

Age: Young calves (2 to 9 days of age) vs. older calves

043  0.27,0.68 <0.001"

(10 to 21 days of age)

*Significant variable (p<0.05)
#Confounding factor for calf pen humidity, left in model
tLikelihood-ratio test of factor

Random effects variance: Calf pen within Farm (Variance = 1.09), Farm (Variance = 1.34)
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Table 3-6: Logistic mixed effects regression model of factors associated with

prevalence for any STEC 026

Factor OR 95% Cl p-value

Number of calves in calf pen

1.07 1.02, 1.13 0.012"
(increase of 1 calf)

*Significant variable (p<0.05)
Random Effects Variance: Pen within Farm (Variance = 3.26), Farm (Variance = 33.36)

Table 3-7: Logistic mixed effects regression model of factors associated with

prevalence for any STEC O103

Factor OR 95% Cl p-value

Humidity: Inside calf pen vs. outside the calf housing area

1.02 1.01, 1.03 0.002"
(increase of 1% relative humidity)

High ammonia in calf pen (subjective measurement) 1.17 1.00, 1.36 0.047"

*Significant variable (p<0.05)
Random Effects Variance: Pen within Farm (Variance = 4.49), Farm (Variance = 0.90)
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Table 3-8: Logistic mixed effects regression model of factors associated with

prevalence for any STEC O145

Factor OR 95% Cl p-value

Region (compared to Canterbury) 0.002#
Northland 138 1.15,1.66  <0.001°
Waikato 0.98 0.84, 1.14 0.805
Taranaki 1.01 0.85, 1.20 0.886
Manawatu-Wellington 1.03 0.86, 1.24 0.742
Southland 1.02 0.85, 1.23 0.811

Number of calves in calf pen (increase of 1 calf) 1.04  0.999,1.08 0.059t

Age: Young calves (2 to 9 days of age) vs. older calves (10 to
0.89 0.84, 0.95 <0.001*
21 days of age)

*Significant variable (p<0.05)
#Likelihood-ratio test of variable as a whole
tFactor left in model as it approaches significant value

Random Effects Variance: Pen within farm (Variance = 1.56), Farm (Variance = 2.69)

4.3.43 Bacterial isolation of E. coli serogroup 026 and 0157

A total of 31 STEC O157 isolates, 123 STEC O26 isolates, and 69 non-toxigenic 026
isolates were retrieved from 109 calf faecal enrichment broths. The results of bacterial
isolation of E. coli O157 and O26 E. coli serotypes from calf faecal enrichment broths
are shown in Table 3-9, where results are based on the successful recovery or failure of
recovery of at least one isolate from a calf faecal enrichment broth. In some cases,
more than one isolate were recovered from a calf faecal enrichment broth, but this is

not reflected in Table 3-9.
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Table 3-9: Bacterial isolation of STEC and non-STEC isolates of serogroup O157

and O26 from faecal calf enrichment broths

Number of samples

Isolate Recovered STEC Isolate Overall STEC
Serogroup detected as STEC by
from Calf Sample* Recovered* Recovery
NeoSEEK
0157 29 14/29 (48%) 14/14 (100%) 14/29 (48%)
026 109 70/109 (64%) 49/70 (70%) 49/109 (45%)

*At |least one isolate was recovered from the enrichment broth

4.3.44 Whole genome sequencing (WGS) of serogroup O26 bacterial isolates
WGS data of serogroup 026 isolates (n=66, 45/66 STEC 026) from 24 sheds on 18

farms in five regions of New Zealand were processed using the Nullarbor pipeline and
the Center for Genomic Epidemiology output, to evaluate the core genome, accessory
genome, virulence genes, and antibiotic resistance genes (218, 220). The core genome
(Figure 3-5) and accessory genome (Figure 3-6) were annotated with region,
antimicrobial resistance gene class (n=1), and virulence gene (n=26) presence or
absence. Clear clustering of STEC 026 isolates (n=45) apart from non-toxigenic
isolates (n=21) was visible in both Figure 3-5 and Figure 3-6, but no obvious clustering
by region was visible. The heatmap of virulence genes detected (n=26) indicated that
STEC O26 and non-toxigenic O26 had similar virulence gene profiles (Figure 3-5,
Figure 3-6). Antimicrobial resistance gene detection was rare, with only
aminoglycoside resistance class genes detected (strA, strB, aph(3’)-Ila-like) in eight
isolates from the Manawatu-Wellington and Canterbury regions. All genomes
sequenced from O26 bacterial isolates retrieved from calves in this study were

identified as multilocus sequence type 21 (ST-21), and serotype O26:Hu.
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Figure 3-5: Maximum-likelihood core genome tree of serogroup 026 calf isolates

(n=66), annotated with region (n=6), antibiotic resistance gene class (n=1), and

virulence genes (n=26)
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Figure 3-6: Maximum-likelihood accessory genome tree of serogroup O26 calf isolates
(n=66) annotated with region (n=6), antibiotic resistance gene class (n=1), and

virulence genes (n=26)

SNP analysis between serogroup O26 isolates indicated that the same clonal strain existed
in calves in the same pen and the same farm, while strains between farms were different
(Appendix Figure 1). For analysis of isolates from calves (n=42) on the same farm (n=14),
as well as in the same pens (n=20), o to 29 SNPs separated all isolates. A subset of calves
(n=5) had multiple isolates (n=19) sequenced from the same animal; only o to 17 SNPs

separated isolates retrieved from the same animal sample. Two exceptions were noted in
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the analysis, where two calves had markedly different (214 SNPs, 223 SNPs) 026 strains
compared to other calves in the same farm and pen, indicating multiple serogroup 026

strains were present in the farm environment at the same time.

PERMANOVA analysis was used to compare region and farm with the variability of the
core genome (SNP distance), accessory genome (presence or absence of accessory genes),
and virulence genes (presence or absence of virulence genes) (Table 3-10). Farm was a
significant predictor of variability (69.7-88.5%), indicating that the majority of the genetic
variability at the core, accessory, and virulence gene level could be associated with each
calf’s presence in a specific farm environment. The importance of farm was further
evaluated in hierarchical cluster plots (Figure 3-7), where a clear differentiation based on
farm is visible, with the exception of farms which contain both stx positive and stx
negative isolates. The hierarchical cluster analysis of core, accessory and virulence gene
profiles also separated stx positive and stx negative isolates into different clonal groups,

despite the same multilocus sequence type (ST-21).
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Table 3-10: PERMANOVA analysis of core genome (SNP distance matrix), accessory
genome (presence or absence of accessory genes), and virulence genes by region

(n=5) and farm (n=18)

Genomic Component
Factor evaluated df  Pseudo-F p-value

dataset of variation

Core 4 1.9 0.0975 NS
Region Accessory 4 2.69 0.0016 11.6%

Virulence 4 1.36 0.245 NS

Core 17  28.6 0.0001 88.5%
Farm Accessory 17 9.3 0.0001 69.7%

Virulence 17 247 0.0001 86.8%

Residual variation: core (11.5%), accessory (30.2%), virulence (13.2%)

80



Core genome

800+
600+ §tx stx
negative positive
3
400
k]
o
200+
L%Tl FarmiD
Isolates o 27
< 31
1500~ Accessory genome O 32
A 37
56
W 59
2 ] e s * 03
= 0\ positve
E ® 64
E A 75
[7]
a v 76
500+ 77
¢ 80
@ 81
+ 89
0= cocorernan IIt L R S X 93
solates * 95
. Virulence genes A 100
v 101
6__
stx stx
positive negative
2
3
E4
2
a
2__
0 l SAEee0000000 s AaERRRYYeeeaET
Isolates

Figure 3-7: Hierarchical cluster trees of core, accessory, and virulence genes by farm

(n=18)

81



3.5 Discussion

This study utilized an established molecular method that distinguishes STEC and non-
STEC variants, along with random stratified sampling to estimate the national
prevalence of the “Top 7 STEC in young calves on dairy farms throughout New
Zealand. Statistical analyses evaluated risk factors for positive prevalence in calves,
while WGS and further statistical analysis determined the similarity of “Top 7" STEC

isolates between calves in a shared environment.

Systematic review and meta-analysis estimated an 8.7% prevalence of STEC (both eae
and stx present in a single bacterium) in calves from 19 countries (128). A
comprehensive national prevalence study of cattle and calves at 31 Australian
processing plants showed a 6.3% prevalence of STEC O157, with a 1.7% prevalence for
the other ‘Top 7 STEC using culture methods (213). This Australian study also found
that veal calves had the highest potential STEC prevalence (12.7%) using PCR methods,
compared to young beef, young dairy, and adult cattle, with 51% of all samples testing
positive for both eae and stx virulence markers (213). Our results indicated a higher
‘Top 7 STEC prevalence of 20.3% in young calves; our use of a culture independent

diagnostic test may have increased the sensitivity of detection of STEC.

Several results in our analysis suggested that STEC transmission occurs between calves
or within the immediate calf pen environment: strong clustering of “Top 7' STEC
positive calves observed in pens for STEC 026, STEC O157, and STEC O45; increased
risk of ‘Top 7 STEC prevalence with increasing numbers of calves in a single pen; and
clonal strains of serogroup 026 E. coli observed in specific farms and pens. In a

controlled transmission study, a calf infected with a low dose of STEC O157 began
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shedding the bacteria within six days, and that calf subsequently colonised all other
calves in the same pen within four to 11 days after the initial calf began shedding (173).
A separate comparison study of calves housed in individual pens versus an open group
pen showed that a single calf inoculated with a control STEC strain in a group pen
infected all other calves in that group over 10 days (130). Modelling studies have
deduced a R, of 4.3 to 7.3 for STEC O157 in young calves from both natural and
induced infection, suggesting calves in shared environments infect numerous other

individuals when shedding (171, 174).

Our WGS analysis indicated that stx positive and stx negative E. coli O26 form distinct
clones with divergent core, accessory and virulence gene profiles. Further
epidemiological analysis also demonstrated that unique E. coli O26 clones disseminate
among calves in a farm environment. PERMANOVA results indicated that farm, but
not region, was a significant predictor of genetic variability (Table 3-10). The lack of
similarity among strains in the same region, as well as the difference between isolates
on farms, suggests relatively low transmission between farms in the same region. Only
a minority of farms sampled in this study brought animals from outside the farm onto
their property in the past two calving seasons: 7/102 farms brought in calves, while
15/102 farms had brought in cows. It is more likely that once established, specific
strains proliferate in farms, leading to transmission between animals on the same
farm. This finding has been reflected in other studies, where STEC strains isolated
from calves from the same pen showed low variability, indicating high within-pen
transmission (169). Unique STEC O157 lineages also proliferated among cattle on US
dairy farms with a high STEC O157 prevalence (176). SNP analysis indicated that STEC

O157 populations were dominated by a single clonal type on farm, but differences
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occurred between farms, and some clonal types were still present during resampling 11
months later (176). Pulsed field gel electrophoresis (PFGE) analysis of O26:Hu isolates

(n=11) on three Australian farms also found unique strains at each farm (166).

Increased relative humidity inside the pen environment compared to outside the calf
housing area was associated with increased “Top 7’ STEC prevalence. Higher humidity
has been associated with increased risk of shedding STEC Ois7 (225), but it is unclear
whether this is due to environmental factors that would benefit bacterial growth, or
high humidity causing stress of the animal. The increase in STEC prevalence with calf
age may be associated with the duration of STEC exposure within the pen. The longer
the calf is present with other infected animals and in a STEC contaminated

environment, the increased likelihood of STEC ingestion and colonisation.

The calf pen environment is an important potential intervention point. Decreasing the
number of young calves in pens is a practical intervention that may decrease STEC
carriage. On average, thirteen calves were present in the pens in this study, with a
range from two to eighty calves. This may also have animal welfare benefits. Recent
legislation in New Zealand has focused on young calf welfare, and mandatory
management changes could lead to opportunities for interventions at the farm level
(226). Individual outdoor calf hutches, though used in other countries, are not widely
used in New Zealand and may not be a realistic intervention for dairy farmers from

either a time management or an economic viewpoint.

Limitations of this study included the cross-sectional study design that estimated
STEC prevalence based on a single sampling event. It is well documented that calves

may shed STEC intermittently, showing daily or even hourly variations (181, 182). By
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sampling many calves from multiple pens on each farm, we estimated the farm level
prevalence, as well as the proportion of calves shedding any “Top 7 STEC on a dairy
farm at a single point in time. Our use of a culture-independent diagnostic test
(NeoSEEK) for this epidemiological study may have led to false positives due to a
lower than 100% specificity compared to culture; PCR/MALDI-TOF techniques may
have detected DNA rather than viable STEC bacteria. However, our study was
interested in the prevalence of carriage of STEC in very young calves on dairy farms,
and the presence of non-viable STEC bacteria may indicate colonisation of these
calves. We evaluated the assay on New Zealand ‘Top 7 STEC, and several other USDA
studies in the United States have shown successful bacterial isolation of 84% (61/73)
‘Top 7’ STEC (214), and 55.7% (305/548) of non-STEC (202) following ‘Top 7’ STEC
detection using the NeoSEEK assay. The New Zealand Ministry of Primary Industries
has approved and utilized NeoSEEK as part of the regulatory testing and holding
programme for veal beef exports to the United States, and the use of the NeoSEEK

assay in a research context was beneficial for this epidemiological research.

3.6 Conclusion

This cross-sectional study of young calves on New Zealand dairy farms identified the
widespread presence of ‘Top 7' STEC. Future work using similar molecular
confirmation methods, along with WGS, will permit the evaluation of the transmission
dynamics of the ‘Top 7 STEC on New Zealand dairy farms by sampling calves, cows,
and their immediate environment throughout the calving season. Data from this
research will provide further information as to the importance of specific
environmental sources of infection for calves, as well as the persistence and spread of

STEC throughout the dairy farm environment.
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Practical and economic factors are often key drivers influencing the uptake and
adoption of on-farm interventions by dairy farmers. While the use of vaccines or
dietary supplements may decrease STEC O157 shedding in cattle (227), there is
currently limited economic incentive for New Zealand dairy farmers to allocate time
and money to prevent a bacterium colonising what are considered ‘surplus’ relatively
low-value animals with no clinical signs. STEC and other E. coli are considered part of
the normal bovine microbiota, therefore elimination of STEC from a herd and farm
environment may be an unrealistic goal. Previously validated on-farm intervention
strategies that are easily adopted, cost-effective, and that target mutual critical control
points for several pathogens (e.g. STEC, Campylobacter, Salmonella, and
Cryptosporidium), could form the basis of multiple agent control methods to reduce
the overall level of zoonoses. This could impact overall animal prevalence levels and
reduce the likelihood of human infection. Given STEC are found in cattle throughout
the world, focusing on methods to decrease human exposure by minimising the
presence of STEC in food and minimising environmental exposure is likely to be more

beneficial than attempting to eliminate the presence of STEC in ruminant reservoirs.

The findings of this study provide important base-line data regarding the national
prevalence of a zoonotic pathogen on New Zealand dairy farms. Future goals for STEC
research should be multi-modal, addressing issues that could benefit the meat
industry and protect public health using social science, epidemiology, and molecular

biology.
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Preface to Chapter 4

Little fly,
Thy summer’s play
My thoughtless hand
Has brushed away.

Am not |
A fly like thee?
Or art not thou
A man like me?

For | dance
And drink and sing,
Till some blind hand
Shall brush my wing.

If thought is life
And strength and breath,
And the want
Of thought is death,

Then am |

A happy fly,
If 1 live,

Or if | die.

The Fly, Songs of Innocence, William Blake
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4 Evaluation of transmission dynamics
and presence of Shiga toxin-producing
E. coli (STEC) in animals and their
environment on New Zealand dairy
farms, and the potential impact on
contamination of veal carcasses during
slaughter and dressing

4.1 Abstract

This longitudinal study investigated factors associated with intestinal carriage and
hide contamination of calves by Shiga toxin-producing Escherichia coli (STEC) on
dairy farms and in processing plants in New Zealand. Management, environmental,
and transport factors were evaluated for their potential impact on intestinal
colonization and hide contamination of calves, as well as initial contamination of veal
meat carcasses during slaughter and dressing. Animal and environmental samples
(n=2580) were collected from six farms and three meat processing plants in the
Waikato region over five sampling periods during each 2015 and 2016 Spring calving

se€ason.

Following screening for virulence genes (eae, stxi, stxz by RT-PCR), a selection of
potential STEC positive samples (eae and stx1 or stx2) were submitted for NeoSEEK
analysis (n=1018). Of the submitted samples, 15.7% were positive for one or more of the
"Top 7' STEC. 'Top 7' STEC were identified in all 17 sample source types, including both

environmental and animal-derived samples, with a prevalence range between 3% and
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45%. A marked increase in "Top 7' STEC prevalence was observed between calf hides

on-farm (10.3% prevalence), and calf hides at processing plants (37.5% prevalence).

Factors associated with "Top 7' STEC contamination of calf hides on farm included the

number of calves in a shared pen environment (Odds Ratio (OR)=1.15, per increase of
one calf'in pen), the middle of the calving season compared to the early calving season
(OR=5.6), and the proportion of colonised calves (recto-anal mucosal swabs, RAMS) in
a shared pen environment on that day of sampling (OR=4.85, per 10% increase in
prevalence). Calf colonisation with "Top 7' STEC (RAMS) was associated with the
proportion of ‘Top 7/ STEC hide contaminated calves in the same shared pen

environment on the day of sampling (OR=2.01, per 10% increase in prevalence).

Factors associated with "Top 7' STEC contamination of calf hides at the processing

plant were visually apparent contamination of hides (OR=3.02) and a ‘Top 7' STEC
positive prevalence from a colonised (RAMS sample) cow on the farm on the same day
(OR=9.4). Increasing the number of farms visited by the bobby calf transport truck
was associated with an increased risk of “Top 7/ STEC contamination of pre-

intervention carcasses (OR=1.09, per increase in one farm visited by a transport truck).

Whole genome sequencing was performed on a selection of "Top 7' STEC bacterial
isolates (n=40) recovered during this study. Core genome, accessory genome, and
virulence gene analysis all showed that genetic diversity was low on individual farms,
consistent with the presence of a resident strain disseminated widely across the farm
environment. Bacteria isolated from cows, calves, feed and water sources, and the

environment were essentially the same clonal strain (i.e. very similar genetically) on
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each farm. Also, identical strains were shown to persist throughout a single calving

se€ason.

Prevalence data, molecular analysis, and statistical analysis all confirmed that
transport and lairage of young veal calves were associated with increased
contamination of hides at the processing plant, which is a likely transmission pathway

for initial contamination of the veal carcass during slaughter and dressing.

Due to the large number of potential transmission routes identified in this study,
preventing exposure of very young calves to STEC on dairy farms is likely to be
difficult to achieve. Decreasing pen-occupancy rates of calves on farm may be a
practical approach to reduce transmission between calves. Environmental sanitizers
and topical disinfection of hides could be used to decrease the environmental
contamination of STEC on farms and hide during transport and lairage. Using
preliminary data generated from this study, it should be feasible to further quantify
the impact of transport and lairage on levels of faecal carriage and hide contamination,
and thus predict the value of interventions aimed at reducing initial contamination of

veal carcasses during slaughter and dressing from these sources.
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4.2 Introduction

Shiga toxin-producing E. coli (STEC) are globally estimated to cause 2.8 million cases
of illness, 3,890 cases of haemolytic uremic syndrome (HUS), and 230 deaths annually
(4). lllness and acute kidney failure are more common in young children, who express
higher levels receptors for the Shiga toxin in their renal glomeruli (35). New Zealand
has a relatively high incidence of notified STEC infection in humans, with 8.9 STEC
cases per 100,000 population reported in 2016 (210). There has been a general increase

in the incidence of STEC cases in New Zealand since it became a reportable disease in

1997 (210).

Cattle are the primary reservoir of STEC (72). In New Zealand, a previous cross-
sectional study of randomly selected farms (n=102) from the six largest dairy regions
revealed a relatively high prevalence of 'Top 7' STEC carriage of calves using recto-anal
mucosal swabs (RAMS) based on NeoSEEK (PCR/MALDI-TOF) analysis (Chapter 3).
A total of 20.3% (306/1508) of dairy calves under the age of 21 days on 75.0% (76/102)
of the farms sampled were positive for at least one of the Top 7' STEC (026, O4s5,
0103, O, O121, O145, O157) (Chapter 3). Previous research in New Zealand, as well as
in other countries around the world, have identified calves as having a higher

prevalence of STEC than adult cattle (127, 128, 136).

Having found STEC in raw ground beef, and following outbreaks associated with
consumption of undercooked beef patties, the USA declared STEC O157 an adulterant
of beef in 1994, followed by declaration of six additional serogroups (026, O45, O103,
O, O121, O145) as adulterants in late 2011 (13). Mandatory testing of the additional six

STEC serogroups began on March 5%, 2012 (13). These seven serogroups are collectively
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known as the ‘Top 7 STEC. In 2016-2017, 50% of New Zealand beef exports were sent
to the United States, valued at $1.16 billion NZD (14). In New Zealand, very young
calves born on dairy farms that are surplus to replacement needs of the herd are
slaughtered between the ages of four to ten days; calves in this slaughter class are
referred to as bobby calves. "Top 7' STEC contamination of veal carcasses is considered
reasonably likely to occur, therefore understanding colonisation and hide
contamination of these calves may benefit food safety and market requirements for

beef trade.

Given the relatively high prevalence of calves that are colonised by STEC in New
Zealand, this study evaluated the risk factors that are likely to contribute to a higher
initial level of contamination of veal carcasses. An understanding of these factors
would add to the pool of knowledge that is drawn on in the design of slaughter and
dressing interventions to minimise and hopefully eliminate the presence of STEC
contamination in veal before it reaches the consumer. Determining the level of
environmental contamination with ‘Top 7' STEC is also important to determine
transmission routes on farms that could be targeted for potential interventions. Whole
genome sequencing (WGS) was used in this study to determine the transmission of
particular STEC strains on farms to animals, as well as contamination of the
environment, and to determine the between- and within-farm genetic variation of
STEC in the farm environment over time. Understanding STEC transmission from
cattle on farms offers the chance to identify potential mitigation strategies to reduce
the on-farm prevalence of this pathogen at its source to protect public health and vital

agricultural economic trade.
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4.3 Materials and Methods

4.3.1 Farm and meat plant selection

Six farms in the Waikato region participated in the study during the 2015 and 2016
Spring calving seasons (July to September). Selection was determined using previous
"Top 7' STEC prevalence results from a cross-sectional study (Chapter 3) carried out in
2014, willingness to participate, and having very young calves processed by the meat

company Silver Fern Farms.

We enlisted the participation of Silver Fern Farms, who provided access to the Paeroa
and Waitoa veal processing plants for sampling, as well as logistical information
regarding calf transport to facilitate planning. A separate local meat processor also
participated in the study for two sampling periods during 2015, as some of the calves

from the selected study farms were sent to this plant for processing.

4.3.2 Sample collection

The majority of sampling was performed three times (early, middle, late) over the
calving season; these periods were specific for each farm in order to sample during the
period when the first 0-24% of calves were born (early), when 25-75% of calves were
born (middle), and when the final 76-100% of calves were born (late) for each calving
year. Sampling targeted very young calves (zero to three days of age), bobby calves and
replacement calves (four to ten days of age), and colostrum cows (post-partum cows
that had given birth within the past four days). Bobby calves that were sampled on-
farm were also sampled at processing plants. This entailed hide sampling pre-hide
removal, and carcass sampling immediately post-hide removal (pre-intervention

carcass). Selected farm environmental samples were collected before and after the
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calving season including effluent, bird faeces, paddock overboot swabs, calf pen

overboot swabs, and drinking water and feeding troughs.

Samples were collected using Amies swabs (Copan Diagnostics Inc., Brescia, Italy),
sterile cellulose sponge swabs (EZ-Reach Sponge Sampler in 25 mL Buffered Peptone
Water (BPW), World Bioproducts, Washington, USA), and overboot swabs
(Envirobootie™, pre-moistened with double strength skim milk broth, Hardy
Diagnostics, California, USA). For each farm visit, one milk filter was collected after

the morning milking had concluded and placed in a dry sterile plastic bag.

Calves and cows were sampled using a rectal-anal mucosal swab (RAMS) technique
with an Amies swab. After determining the age distribution of all calves, up to three
calf pens were selected that allowed for the maximum number of calves (n=20) in the
two age groups to be sampled, with equal numbers sampled per pen where possible.
Sampling was prioritised to ensure the sample contained a maximum of ten bobby
calves that were being shipped to the processing plant that day. A random number
generator was used to select pens if more than three suitable pens were available for
sampling. If more animals were present in a pen than needed, a spin-pointer mobile
phone application was used to randomly select the first calf to be sampled, after which
animals were chosen in an alternating manner in the clockwise direction, in
proportion to the total calves in the pen. Calves were marked for selection and then
again following sampling to maintain the random selection and prevent resampling. A
maximum of ten cows that had calved within the past four days (colostrum herd) were
selected for sampling. A random number generator was used to select the cows

sampled while they were in the milking parlour during morning milking. Any animals
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that appeared injured or sick based on visual clinical assessment, or under antibiotic

treatment (e.g. cows for mastitis), were excluded from sampling.

Sponge swabs were used for sampling of the calf hide, cow udder, pre-intervention
carcass, and environmental samples (colostrum feeder, water trough, concentrate feed
trough, bird faeces, effluent). For calf hide and pre-intervention carcass sampling,
calves were sampled on one side of the body, from the medial aspect of the carpus to
the axilla, the entire ventral thorax and abdomen, and the medial aspect of the groin
to the hock, using three back-forth passes in each area. These areas were selected due
to their importance as likely sites of cross-contamination during slaughter and
dressing of the carcass. The side of the body chosen for sampling was alternated
between hide on farm, hide at processing plant, and pre-intervention carcass to avoid

re-sampling of the same side.

Cow udders were sampled on the ventral aspect of the udder, lateral to each udder and
between the teats, using three back-forth passes for each region. Colostrum feeders,
water troughs, and concentrate feed trough samples were obtained by wiping the
entire interior of each container with a sponge swab. Three to five bird faecal
droppings were collected from each calf pen sampled on each visit using sterile
forceps, and placed into the sterile cellulose sponge swab sampling bag. Effluent
samples were obtained by inserting the swab into the effluent, at a designated location
on each farm, chosen for its proximity to daily faecal outflow from the milking shed
and safety of obtaining a sample. After sampling, each sponge swab was secured in its

sterile bag and manually massaged to incorporate the 25mL of BPW into the sample.
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Overboot swabs were used to sample calf pens, calving paddocks, and feed pads.
Sterile plastic boot covers were placed over the boots before placing the overboot
swabs to prevent cross-contamination. The sampler walked the entire perimeter of the
sampling area, and then zig-zagged in equal transects across the area (six transects for
the pens, three transects for the paddock and feed pad). During the transects in the
calving paddock and feedpad, the sampler also walked the perimeter of high traffic

areas, such as water troughs or feed areas.

All samples were placed in an ice filled insulated container in the field and shipped
with fresh ice in insulated boxes to "EpiLab, Massey University, Palmerston North,

New Zealand for processing.

4.3.3 Sample processing

Samples were shipped overnight on ice and processed at "EpiLab the day after
collection. Processing methods were established for each sample type: Amies swabs,
sponge swabs, overboot swabs, and milk filters. Amies swabs were placed in 2omL of
modified Tryptone Soya Broth (mTSB, Oxoid Limited, Hampshire, United Kingdom).
25mL of double strength mTSB broth was added to the 25mL of BPW in each sponge
swab Whirlflok bag, and processed in a stomacher machine for 120 seconds; 2omL of
the liquid sample was then transferred into a sterile universal bottle (20mL volume).
10omL of normal strength mTSB was added to the overboot swab and milk filter
samples, and processed in a stomacher machine for 120 seconds; 20 mL of the sample

was transferred to a sterile universal bottle.

Each sample was enriched at 42°C for 15 to 18 hours. Enrichment broth was then

stored with glycerol in a 411 ratio at -80°C, as well as processed for DNA extraction.
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DNA processing in 2015 utilized the Kingfisher™ Flex Purification System per
manufacturer’s instructions. A subset of samples collected during 2015 was also
processed using a double-wash boil preparation method, according to GeneSeek
laboratory's instructions, to evaluate NeoSEEK detection using the two methods.
Increased sensitivity was found using NeoSEEK with the double-wash boil preparation
method. In 2016, all DNA processing was changed to a double-wash boil preparation

method.

Each DNA sample was screened for virulence genes (eae, stxi, stx2) by RT-PCR using
previously described methods (66). The limit of detection (LOD) of the virulence assay
(RT-PCR screening for all three virulence factors) was estimated to be 9.9 x 10 colony

forming units per mL (CFU/ml).

Samples selected for analysis using the NeoSEEK assay were based on the RT-PCR
virulence gene results. All environmental and feed samples that tested positive for eae
and at least one stx gene (stx1 or stx2) were classified as “potential STEC” and
submitted to Neogen for analysis. For animal samples (RAMS, hide, udder), a
maximum of three potential STEC samples from one source type (e.g. RAMS) in a
single pen or cow herd were submitted to Neogen. If more than three potential STEC
samples of the same source type existed in a single pen or cow herd, three were chosen
randomly using a random number generator. As part of the analysis of the cohort of
bobby calves sampled at the processing plant, if one on-plant sample was detected as
potential STEC, all samples from that calf (RAMS, hide on farm, hide at processing
plant, and pre-intervention carcass) were sent for NeoSEEK analysis regardless of

screening results. Selected DNA samples were shipped to GeneSeek Operations
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(Lincoln, Nebraska, USA) on dry ice. Six percent (60/1018) of the samples submitted to
NeoSEEK were judged by Neogen to require extra DNA processing, by repeating DNA
purification using the Kingfisher™ Flex Purification System, including 29% (15/51) of
the effluent sponge samples, and 49% (20/41) of the overboot paddock samples, likely
due to the large amount of organic material present in these samples that may have
inhibited the assay. The sample results after extra DNA processing were included in

this study.

434 Data collection, database entry, and statistical analysis

A thermo-hygrometer was used to calculate the humidity and temperature within calf
pens and outside of the calf building. Animal density was calculated by dividing the
number of animals in each location (pen, calving paddock, feedpad) by the area
(metres®) of that location. Pen dimensions were measured manually, and calving
paddock and feedpad areas were calculated using the area function on an eTrex GPS
device (Garmin, Eastern Creek, Australia). All calves and cows sampled were given a
hide cleanliness score (1 to 5) using the guidelines of the United Kingdom Food
Standards Agency, where 1 = clean and dry, and 5 = filthy and wet (228). Calf transport
information, including number of farms visited and number of calves in a truck, were

obtained from processing plant records.

Weather data included the following variables: maximum wind gust, temperature,
humidity, solar exposure, rainfall, runoff (excess rainfall not absorbed by saturated
earth), and minimum grass temperature. Data were retrieved from the nearest
weather station to each farm for the seven days prior to sampling, and accessed from

the New Zealand National Climate Database (CliFlo, https://cliflo.niwa.co.nz/).
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In order to evaluate potential transmission routes of STEC, positive "Top 7' STEC
(NeoSEEK) or potential STEC (RT-PCR) results from isolation sources (e.g. calving
paddock, pen floor) were used as factors to evaluate associations with each outcome
variable (Table 4-1). These were compiled into each individual dataset for analysis by
attaching a positive or negative value on the specific farm visit on the day the animal

was sampled.
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Table 4-1: Outcome variables examined by statistical methods for both ‘Top 7’

STEC and potential STEC prevalence

Location Outcome variable Description
Calf colonisation Recto-anal mucosal swab of calf on farm, positive or
(RAMS) negative
On farm

Sponge swab of calf hide on farm, positive or
Calf hide on farm
negative

Calf hide at processing ~ Sponge swab of calf hide immediately post-stun on
plant the processing line, positive or negative

At processing plant Sponge swab of carcass after removal of the hide and
Pre-intervention
before any decontamination intervention, positive or
carcass
negative

All data were entered into a MySQL database. Statistical analyses were performed
using a combination of univariable and multivariable regression models. The
significance threshold was p < 0.05. Prevalence estimates with 95% confidence
intervals were calculated using the ‘effects’ package
(http://socserv.socsci.mcmaster.ca/jfox/) in R (222); in this method a generalised
linear model for each output variable was created using farm, period, and/or sample

source as a random effect in order to account for our clustered study design.

A random forest model (223) was used to identify important factors associated with
positive 'Top 7' STEC or potential STEC prevalence outcome variables (Table 4-1). A
logistic mixed effects model was used to evaluate the top ten factors identified by the
random forest output for each outcome variable. This statistical technique allows for
the use of random effects, which adjust for clustering (or lack of independence) of

sample sources between farms. For our study, we used “farm” as a random variable
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(i.e. random effect). Factors were sequentially removed and checked for confounding
with other significant variables. Once a final model was determined, several
biologically plausible risk factors were tested in the model to reassess their

importance.

4.3.5 Bacterial isolation

Out of 1,018 samples screened with NeoSEEK, two hundred and four DNA samples
were identified as positive for "Top 7' STEC. Bacterial isolation was attempted for all
positive samples. USDA-FSIS methods were used where immuno-magnetic separation
beads (IMS; Abraxis, Warminister, USA) were utilized and plated onto three selective
agars: CT-SMAC (O157; Fort Richard Laboratories, Auckland, New Zealand), CT-
RMAC (0O26; Fort Richard Laboratories, Auckland, New Zealand), and Rainbow® Agar
0157 (045, Om, O103, O145; Biolog, Hayward, USA). CHROMagar™ STEC was also
used for several serogroups (045, O111, O103, O145; CHROMagar Microbiology, Paris,
France). In order to increase the success of bacterial isolate retrieval, frozen
enrichment broth was also plated directly onto the same four agars, without the

enrichment and IMS step.

4.3.6 Whole genome sequencing

One isolate was selected for whole genome sequencing from all enrichments which
yielded a "Top 7' serogroup isolate (n=40). DNA library preparation was completed in
"EpiLab using the Nextera-XT protocol, and submitted to New Zealand Genomics
Limited (University of Otago, Dunedin, New Zealand) for Illumina HiSeq sequencing.
Raw sequence data was quality checked, assembled, and annotated using the
Nullarbor bioinformatics pipeline (218). Virulence genes, antibiotic resistance genes,

sequence type, and serotype were detected using the Center for Genomic
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Epidemiology pipeline (220). A core genome alignment was created, indicating
variability (single nucleotide polymorphisms, SNPs) among genes shared by all
genomes. An accessory genome alignment, based on presence and absence of
accessory genes that were not present in all genomes, was created with Roary (229).
Distance (core genome SNP distance) and dissimilarity (accessory genome, virulence
genes) matrices were created and evaluated in PERMANOVA and CLUSTER (PRIMER-
E, Quest Research Limited, Auckland, New Zealand) with farm and isolation source as

factors.

Raw sequence data and bacterial isolate metadata are available on the NCBI Sequence
Read Archive (SRA) under BioProject PRJNA415994. Phylogenetic trees were visualised
and annotated using iTOL software (221), and all figures were edited with Inkscape

version 0.91 (https://inkscape.org/).

4.4 Results

Sampling was performed on all six farms at five time points during each year of the

study (Table 4-2).
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Table 4-2: Sample numbers collected by farm and calving period (n=2580)

Year Period Farm 1 Farm2 Farm3 Farm4 Farm5 Farmé  Total
Pre Calving 5 5 5 5 5 5 30
Early 65 92 80 69 82 73 461
2015 Middle 37 92 66 38 82 73 388
Late 43 59 47 36 67 83 335
Post Calving 5 5 5 5 5 5 30
Pre Calving 5 5 5 5 5 5 30
Early 69 70 79 55 92 83 448
2016 Middle 67 84 72 57 80 81 441
Late 67 66 69 42 68 75 387
Post Calving 5 5 5 5 5 5 30
Total 368 483 433 317 491 488 2580

A cohort of bobby calves (n=186) were sampled on-farm (RAMS and calf hide on
farm), and then at the processing plant post-slaughter (calf hide at processing plant
and pre-intervention carcass). These animals provided an important and separate
cohort study to evaluate factors that impact STEC contamination from farm to

processing plant.

In the following sections, prevalence is reported for both the ‘Top 7 STEC (NeoSEEK)

for relevant variables, and then for potential STEC (eae and stx1 or stx2 positive using

the in-house RT-PCR assay).

441 'Top 7' STEC prevalence using NeoSEEK

The overall prevalence for any of the 'Top 7' STEC was 15.7% (5.9-25.5 95% CI), based
on the subset of samples that was submitted for NeoSEEK detection following the
initial screening by RT-PCR (n=1018). Prevalence varied by STEC serogroup, with STEC
0103, STEC 026, and STEC O145 having the highest prevalence, while serogroups

0103, 026, and O45 were the most common non-STEC samples detected (Table 4-3).
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The relative proportions of STEC serogroups detected on the six farms in this study are
similar to those detected during the 2014 cross-sectional study of STEC prevalence of
RAMS samples from young calves on 102 New Zealand dairy farms (Chapter 3). STEC
O121 was absent from the farm and processing plant environment, and STEC O111 was

very rare.
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Table 4-3: Prevalence of 'Top 7' STEC and non-STEC for all animal and

environmental samples (n=1018)

Serogroup 0103 o111 o121 0145 0157 026 045
STEC

6.9% 0.5% 4.4% 1.3% 5.5% 1.5%

prevalence 0%
(0.1-13.6) (0-2.6) (0-10.0) (0-4.3) (0-11.6%) (0-4.7%)
(95% Cl)

Non-STEC

31.5% 0.5% 21.5% 4.7% 16.2% 30.0% 29.6%
prevalence

(19.0-44.0) (0-2.4) (10.5-32.6)  (0-10.4) (6.3-26.1)  (17.6-42.3) (17.3-41.8)
(95% CI)

Prevalence estimates were stratified by farm, year, calving period, and isolation source.
We used a modelling technique that incorporated random-effects terms (e.g. farm,
calving period and source) in order to correct for bias due to the clustered sampling of
animals and environments within farms (i.e. they were not independent observations).
Although using this technique may provide more robust prevalence estimates and 95%
confidence intervals, the results should be interpreted with caution due to the
concurrent analysis of multiple sources, and variation in sampling of these sources

between farms and time periods.

The “Top 7 STEC prevalence estimates for each farm in the study are provided in Table
4-4. The farm level prevalence of "Top 7' STEC varied significantly between farms (*

(5) = 478, p < 0.0001).
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Table 4-4: Prevalence estimates (95% Cl) derived from a generalised linear model*

of 'Top 7' STEC in all animal and environmental sources by farm

Farm ID Prevalence (95% CI)

F1 (h=156) 23.1% (15.9-32.4)
F2 (n=170) 9.1% (5.4-15.2)
F3 (n=182) 16.8% (11.3-24.2)
F4 (n=137) 4.7% (2.2-9.9)
F5(n=183) 15.7% (10.4-23.0)
F6 (n=190) 17.4% (11.9-24.9)

*Calving period and sample source were included as random effects.

Prevalence data from both years and all five periods are shown in Table 4-5. The
overall "Top 7' STEC prevalence significantly increased between 2015 and 2016 (Table
4-5; %> (1) = 5.4, p=0.02). This may have been influenced by the change in DNA
processing from the Kingfisher™ Flex Purification System in 2015 to a double boil
preparation in 2016, which was found to increase the sensitivity of the NeoSEEK assay
in a subset of samples. The STEC prevalence was not significantly related to all five
periods of the study (Table 4-5; Fisher’s exact test, p = 0.87), or the three active calving

periods (early, middle, late) of the calving season (x* (2) =1.12, p=0.57).
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Table 4-5: Prevalence estimates (95% Cl) derived from a generalised linear model*
of 'Top 7' STEC in all animal and environmental sources on all study farms over

time (year and period)

Variable Prevalence (95% CI)
2015 (n=395) 9.8% (6.2-15.3)
Year

2016 (n=623) 15.2% (10.3-21.9)

Pre Calving (n=21) 11.2(3.2-32.1)

Early (n=346) 12.0 (7.6-18.4)
Period Middle (n=276) 15.2 (9.8-22.9)

Late (n=338) 12.7 (8.1-19.3)

Post Calving (n=37) 11.2 (4.2-26.4)

*Farm and source of sample were included as random effects.

"Top 7' STEC were identified by the NeoSEEK method in all sample sources (n=17)
tested in this study (Table 4-6). Notably, RAMS samples from both calves and cows
represented the lowest prevalence, while environmental sources in the calf pen and
calf hides were higher. A significant difference was found between the prevalence of
sample source types (x> (17) = 88.5, p<0.0001). Younger calves (age 1to 3 days) had a
lower prevalence of colonisation (RAMS) (2.3%, n=45) and calf hide on farm (10.5%,
n=42) than older calves (age 4 to 10 days; RAMS prevalence 7.1%, n=156; calf hide on

farm prevalence 13.9%, n=151).
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Table 4-6: Prevalence estimates (95% Cl) derived from a generalised linear model*

of 'Top 7' STEC from sample sources (n=17)

Sample source Prevalence (95% Cl)

Bird faeces (n=20)

Paddock overboot swab (n=41)

RAMS: calf on farm (n=201)

RAMS: cow on farm (n=62)

Effluent (51)

Hide: calf on farm (n=193)

Feedpad overboot swab (n=>5)

Pre-intervention calf carcass (h=122)

Milk filter (n=18)

Hide: calf at processing plant (n=128)

Calf pen overboot swab (early, middle, late calving period) (n=59)
Calf pen overboot swab (Pre or post calving period) (n=8)
Pen colostrum sponge sample (n=22)

Pen concentrates sponge sample (n=6)

Pen water trough sponge sample (n=11)

Dam udder sponge swab (n=61)

17.0% (5.9-40.3)
12.8% (5.4-27.4)
4.7% (2.4-8.9)
2.7% (0.6-10.5)
16.1% (7.9-29.9)
10.6% (6.3-17.3)
15.9% (1.9-64.4)
11.4% (6.3-19.7)
19.6% (6.8-44.7)
34.7% (24-47.2)
26.0% (15-41.2)
11.9% (1.5-54.6)
11.2% (3.3-32.0)

45.2% (13.2-81.8)

24.1% (7.0-56.9)
5.6% (2.0-14.9)

Water and concentrate sponge sample (pre or post calving period) (n=9) 10.3% (1.3-50.0)

*Farm and calving period were included as random effects.

4.4.2 Cohort study of bobby calves sampled on farm and at processing plants

A subset of calves (n = 118) from 186 bobby calves were selected, based on having at
least one on-plant sample positive for virulence factor screens, to have all four samples
(i.e. RAMS, hide on farm, hide at processing plant, pre-intervention carcass) from that
calf submitted for NeoSEEK analysis (Table 4-7). These data indicate a significant
difference in "Top 7' STEC prevalence between sample source types (x* (3) =51.32,
P<0.00001); the increase of 10.3% to 37.5% of hide prevalence between the farm and

processing plant is notable.
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Table 4-7: Prevalence estimates (95% Cl) derived from a generalised linear model*

of 'Top 7' STEC from calves (n=118) sampled from farm to processing plant

Sample source Prevalence (95% CI)
RAMS: calf on farm (n=118) 5.0% (2.2-10.9)
Hide: calf on farm (n=118) 10.3% (5.6-18.1)
Hide: calf at processing plant (n=118) 37.5% (26.9-49.6)
Pre-intervention calf carcass (n=118) 12.7% (7.2-21.2)

*Farm and calving period were included as random effects

443 Potential STEC prevalence by in-house RT-PCR detection

Real time PCR (RT-PCR) testing of all sample enrichments (n=2580) was performed to
detect virulence factors (eae, stxi, stx2). While this method was mainly employed to
screen samples for submission to Neogen for the NeoSEEK assay, the data provided
allows for assessment of potential STEC (eae and stx1 or stx2) on all samples collected

during the study.

Over one-third of samples (37.3%) were screened as potential STEC (Table 4-8). eae

was detected in almost half the samples, and stx2 was much more common than stxi.
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Table 4-8: Prevalence of virulence factors (eae, stx1, stx2) and potential STEC (RT-

PCR eae and stx1 or stx2 positive) from all animal and environmental samples

(n=2580)
Potential
eae stx1 stx2
STEC
Samples 1205 269 1716 963
Positive (%) (46.7%) (10.4%) (66.5%) (37.3 %)

Potential STEC varied from 37.5% to 50.9% on the six farms in this study (Table 4-9).
A significant difference between the prevalence values existed (y* (5) =23.1, p<o.001).
Table 4-9: Prevalence estimates (95% Cl) derived from a generalised linear model*

of potential STEC (RT-PCR eae and stx positive) in all animal and environmental

sources in each farm

Farm ID Prevalence (95% CI)

F1 (h=368) 39.5% (30.8-48.9)
F2 (n=483) 37.5% (29.3-46.4)
F3 (h=433) 50.0% (41.0-59.1)
F4 (n=317) 48.0% (38.6-57.6)
F5 (n=491) 37.9% (29.7-46.8)
F6 (n=488) 50.9% (41.9-59.8)

* Calving period and sample source were included as random effects.

The potential STEC prevalence increased between 2015 and 2016 (Table 4-10), similar
to "Top 7' STEC prevalence values between the two years. This difference was also
significant (y” (1) =11.1, p<0.001). Overall the prevalence of potential STEC increased
through the calving season (Table 4-10), but it should be noted that “Pre Calving” and
“Post Calving” periods only contained environmental samples. The difference in
prevalence was significant for all periods (y*(4) =26.864, p<0.00001) and for the three

calving periods (y* (2) =11.06, p<0.004).
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Table 4-10: Generalised linear model* prevalence (95% Cl) of potential STEC (RT-
PCR eae and stx positive) in all animal and environmental sources on all study farms

over time (year and period)

Variable Prevalence (95% CI)
2015 (n=1244) 36.7% (30.7-43.0)
Year

2016 (n=1336) 44 8% (38.4-51.4)

Pre Calving (n=60) 21.9 (12.3-35.8)

Early (n=909) 38.2 (31.5-45.3)
Period Middle (n=829) 39.8 (33.0-47.1)

Late (n=722) 46.4 (39.1-53.8)

Post Calving (n=60) 55.4 (38.8-70.9)

*Farm and source of sample were included as random effects.

Potential STEC prevalence by sample source varied from 20.2% to 84.1% (Table 4-u).
The highest prevalence values were noted in calf hides at the processing plant (75.9%)
and environmental samples (effluent, paddock overboot swab, feedpad overboot swab;
74-84%). Younger calves (age 1 to 3 days; n=234) had a lower prevalence for RAMS
(19.2%), and a similar prevalence for hide on farm (41.5%) compared to older calves

(age 4 to 10 days; RAMS prevalence 28.8%; calf hide on farm prevalence 43.9%; n=319).
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Table 4-11: Prevalence estimates (5% Cl) derived from a generalised linear model*

of potential STEC (RT-PCR eae and stx positive) of sample sources (n=17)

Sample source Prevalence (95% CI)

Bird faeces (n=60)

Paddock overboot swab (n=59)

RAMS: calf on farm (n=553)

RAMS: cow on farm (n=290)

Effluent (n=60)

Hide: calf on farm (n=553)

Feedpad overboot swab (n=7)

Pre-intervention calf carcass (h=186)

Milk filter (n=36)

Hide: calf at processing plant (n=186)

Calf pen overboot swab (early, middle, late calving period) (n=92)
Calf pen overboot swab (Pre or post calving period) (n=24)
Pen colostrum sponge sample (n=91)

Pen concentrates sponge sample (n=10)

Pen water trough sponge sample (n=23)

Dam udder sponge swab (n=290)

32.7% (21.4-46.4)
70.2% (56.5-81.0)
23.7% (18.8-29.4)
22.2% (16.7-28.9)
84.1% (72.2-91.5)
42.2% (35.6-49.1)
74.4% (34.6-94.1)
37.9% (29.6-47.0)
49.2% (32.5-66.1)
75.9% (67.8-82.4)
66.1% (54.4-76.1)
33.7% (17.1-55.6)
20.7% (13.1-31.2)
52.3% (22.8-80.2)
42.3% (23.5-63.5)
20.2% (15.0-26.6)

Water and concentrate sponge sample (Pre or post calving period) (n=9) 38.1% (20.3-59.8)

*Farm and calving period were included as random effects.

4.4.4 Cohort study of bobby calves sampled on farm and at processing plants

The cohort of young bobby calves that were sampled on farm as well as processing
plants had similar patterns in potential STEC as the "Top 7' STEC detection using
NeoSEEK (Table 4-12). A notable increase between the calf hide at the farm (41.5%)
and calf hide at the processing plant (76.2%) was observed. A significant difference
between the prevalence values for the four sample sources was found (y* (3) =102.78,

P<0.00001).
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Table 4-12: Prevalence estimates (5% Cl) derived from a generalised linear model*
of potential STEC (RT-PCR eae and stx positive) of calves (n=186) sampled from

farm to processing plant

Sample source Prevalence (95% CI)
RAMS: calf on farm (n=186) 22.4% (15.8-30.7)
Hide: calf on farm (n=186) 41.5% (32.6-51.2)
Hide: calf at processing plant (n=186) 76.2% (67.5-83.1)
Pre-intervention calf carcass (n=186) 39.0% (30.0-48.8)

*Farm and calving period were included as random effects

4.5 Factors associated with STEC hide contamination, pre-intervention
carcass contamination, and carriage (RAMS) of calves

Risk factors were evaluated for two testing methods: "Top 7' STEC positive (NeoSEEK
assay) and potential STEC positive (RT-PCR eae and stx positive). Calf related outcome
variables (RAMS on farm, hide on farm, hide at processing plant, and pre-intervention

carcass) were evaluated against relevant factors.

4.5.1 Independent evaluation of outcome variables for calf colonization, hide contamination, and
pre-intervention carcass contamination

The variables (Table 4-1) were independently examined, considering each as an
explanatory variable, at the calf, calf pen, and farm level, using a generalised linear
mixed model with farm as a random effect. The purpose of this evaluation was to test
each variable on several levels, and then incorporate these biologically plausible

variables in the analysis for all factors evaluated on farm and at processing plants.

For detection of ‘Top 7 STEC, colonisation at the animal level was associated with an
increased risk of hide contamination at the calf pen and farm level, but not at the
individual level (a calf whose hide was contaminated was not necessarily colonised)

(Table 4-13). Hide contamination on farm with ‘Top 7 STEC at the animal level was

115



also strongly associated with an increased risk of a calf being colonised at all levels,
particularly if any calf in the calf pen or farm was positive on the day of sampling. The
presence of a hide contaminated with ‘Top 7 STEC on the day of sampling was
associated with increased risk of hide contamination at the processing plant, but not
on the animal or calf pen level (Table 4-13). Hide contamination of the calf at the
processing plant after the calf had been stunned was not a significant predictor of

contamination of pre-intervention carcasses.
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Table 4-13: Generalised linear mixed model of the interrelationships between the variables outlined in Table 4-1. Outcome

variables are measured at the animal level, whereas explanatory variables are measured at the animal, calf pen, and farm level

Outcome . .
variables Hypothesis (i.e. explanatory Level at which
location / variable effect on outcome explanatory variable is Outcome variable Odds Ratio (95% Cl) p value
variable) measured
sample type
. . . "Top 7' STEC NC* 0.721
Effect of colonisation (RAMS) Animal: P<?5|t|ve
on calf hide on farm prevalen.ce n same
animal Potential STEC 2.35 (1.6, 3.5) <0.00001
Calf ben: Presence or "Top 7' STEC 11.4 (4.2, 31.0) <0.00001
Effect of colonisation (RAMS) pen: .
on calf hide on farm absence of a single
positive in pen Potential STEC 2.30 (1.5, 3.5) <0.0001
Farm / hide
contamination
Top 7' STEC 3.08 (1.8, 5.4)* <0.0001
Effect of colonisation (RAMS) Calf pen: Proportion of
on calf hide on farm positives in pen
Potential STEC 1.25(1.2, 1.3)* <0.00001
Farm: Presence or "Top 7' STEC 13.7 (4.81, 38.9) <0.00001
Effect of colonisation (RAMS) ' i
on calf hide on farm absence of a single
positive on that farm visit Potential STEC 3.98 (1.3, 12.0) 0.01
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Contaminated calf hide at
farm on calf colonisation

Animal: Positive
prevalence in same

Top 7' STEC

1.40 (1.38, 1.41)

<0.000001

(RAMS) animal Potential STEC 2.28 (1.5, 3.4) <0.00001
Contaminated calf hide at Calf pen: Presence or Top 7 STEC 37.3(4.7,298) <0.00001
farm on calf colonisation absence of a single
(RAMS) positive in pen Potential STEC 1.99 (1.1, 3.6) 0.02
Farm / RAMS
colonisation
Contaminated calf hide at . Top 7" STEC 2.01 (1.4, 3.0) <0.00001
o Calf pen: Proportion of
farm on calf colonisation positives in pen
(RAMS) Potential STEC NC 0.08
Contaminated calf hide at Farm: Presence or ‘Top 7' STEC 21.7 (2.6, 178) 0.0004
farm on calf colonisation absence of a single
(RAMS) positive on that farm visit
Potential STEC 1.99 (1.1, 3.6) 0.04
I I #
Contaminated calf hide on Animal: Positive Top 7 STEC NC 0.47
. farm on contaminated calf prevalence in same
Processing hide at pr ing plant animal
plant / hide \ae at processing p Potential STEC NC* 0.86
contamination
Calf pen: Proportion of Top 7' STEC NCH 0.087

positives in pen
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Contaminated calf hide on

farm on contaminated calf Potential STEC 1.15(1.03, 1.28)* 0.011
hide at processing plant
Contaminated calf hide on Farm: Presence or Top 7" STEC 2.9(1.25,6.73) 0.013
farm on contaminated calf absence of a single
hide at processing plant positive on that farm visit Potential STEC 2.5(1.12, 5.56) 0.025
Contaminated calf hide at . o “Top 7' STEC NC* 0.74
. Animal: Positive
processing plant on pre- .
. . prevalence in same
Intervention carcass nimal
contamination @ Potential STEC 3.75(1.6,87) 0.02
Contaminated calf hide at . “Top 7' STEC NC* 0.97
P [ rocessing plant on pre- Processing plant:
| roc/essmg P tery r?t'pn . ps Proportion of
P arj[t §ari§ss I ioricarl:'nai?oias contaminated calf hides
n | |
conmtaminatio Potential STEC 12(1.1, 1.4)% 0.005
Contaminated calf hide at Processing plant: “Top 7' STEC NC* 0.43
processing plant on pre- Presence or absence of a
intervention carcass single positive on that
contamination processing plant visit Potential STEC NCH 0.73

* per 10% increase in calf pen or processing plant prevalence

#NC: not calculated due to non-significant finding
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4.5.2 Factors associated with STEC contamination and carriage of calves on dairy farms

The extended analysis of the larger set of potential risk factors associated with "Top 7'
STEC and potential STEC carriage (RAMS) by calves on dairy farms is shown in Table
4-14. Significant risk factors from Table 4-13 were individually included in the
generalised linear mixed models for the extended analysis, but only one level of the
explanatory variables was included if significant, based on AIC (Aikaike information
criterion) model evaluation. This was done to prevent the inclusion of the same
sample result (i.e. one calf with a ‘“Top 7' STEC positive hide on farm) on multiple

levels in the same model.

As indicated in Table 4-13, calves were more likely to be colonised when the
proportion of calves within the same calf pen with contaminated hides increased
(OR=2.01, per 10% increase in prevalence); this was the only significant association
identified using the NeoSEEK dataset. Using the larger RT-PCR-based dataset,
colonisation (RAMS) of a cow on the farm, contaminated milk filters, and
contaminated colostrum samples were associated with a higher prevalence for

potential STEC carriage in calf faeces (Table 4-14).
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Table 4-14: Generalised linear models of 'Top 7' STEC and potential STEC

prevalence of calf colonisation (RAMS) on farm

Outcome

Factor OR 95% Cl p-value
variable

Proportion of ‘Top 7' STEC positive calf hide in
“Top 7' STEC 2.01 1.4,3.0 0.0005*
same calf pen (per 10% increase in prevalence)

Potential STEC positive (RAMS) cow 2.23 1.1,4.3 0.02*
Potential
Potential STEC positive milk filter 1.88 1.2,3.0 0.01*
STEC
Potential STEC positive colostrum 1.56 09,26 0.09#

*Significant variable (p<0.05)

#Confounding factor left in model

‘Top 7' STEC random effects variance: Farm (0.08)
Potential STEC random effects variance: Farm (0.1533)

Generalised linear models including the extended set of explanatory variables were
created for the contamination of the hide of calves on farms (Table 4-15). The
proportion of ‘Top 7 STEC positive colonised calves (RAMS sample) in the calf pen
was associated with positive hide prevalence (OR=4.85, per 10% increase in calf pen
prevalence). In addition, increased prevalence was noted in the middle of the calving
period, compared to the early calving period (OR=5.56, middle compared to early
calving period), and decreased prevalence was noted in the late period compared to
the early period (OR=0.42, late compared to early calving period). Increasing numbers
of calves in a shared pen environment led to increased risk of “Top 7' STEC
contamination of calf hides on farms (OR=1.15, per increase in one calf'in the calf pen).
Similar findings were noted for potential STEC, with the addition of a colonised cow
(RAMS) present on the farm the same sampling day leading to an increased risk of

hide contamination on farm (OR=3.35).

121



Table 4-15: Generalised linear model of 'Top 7' STEC and potential STEC

prevalence for the hide of a calf on farm

Outcome
Factor OR 95% Cl p-value
variable
Proportion of 'Top 7' STEC colonised (RAMS) calves in same calf
485 23,100 <0.0001*
pen (per 10% increase in prevalence)
Calving period: 0.002t
Top 7'
Middle calving period compared to early calving period 556 1.6,19.4 0.007*
STEC
Late calving period compared to early calving period 042 0.2,0.9 0.04*
Number of calves in shared pen environment (per increase in
115 1.01,1.3 0.035*
one calf)
Potential STEC colonised (RAMS) calf on same farm visit 483 1.5,15.6 <0.009*
Potential STEC colonised (RAMS) cow on same farm visit 3.35 1.9,5.9 <0.0001*
Potential
Calving period: <0.0001t
STEC
Middle calving period compared to early calving period 2.1 1.5,2.9 <0.0001*
Late calving period compared to early calving period 0.8 0.6,1.1 0.13

*Significant variable (p<0.05)

T Likelihood ratio test p-value of variable as a whole
‘Top7' STEC random effects variance: Farm (0.48)
Potential STEC random effects variance: Farm (0.06)

4.5.3 Factors associated with contamination of calf hides at processing plants and pre-
intervention calf carcasses

Risk factors for "Top 7' STEC and potential STEC positive prevalence were determined
for calf hides and pre-intervention calf carcasses at processing plants. Contamination
of calf hides post-slaughter with "Top 7' STEC was associated with a colonised (RAMS)
cow on farm during the farm visit (OR=9.4), and increased visual contamination of the
hide (faecal score 2 compared to faecal score 1, OR =3.02) (Table 4-16). The
significance of increased visual contamination as a risk factor for calf hide
contamination at the processing plant should be interpreted with caution, as the
variable as a whole was deemed to not be significant using a likelihood-ratio test

(p=0.14). The proportion of contaminated calf hides in calf pens on farms was
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associated with increased potential STEC calf hide contamination at the processing

plant (Table 4-16).
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Table 4-16: Generalised linear model of 'Top 7' STEC and potential STEC

prevalence for the hide of a calf at the processing plant

Outcome
Factor OR 95% Cl p-value
variable
‘Top 7' STEC colonised (RAMS) cow on the same farm
9.40 2.1,43.0  0.0008*
visit
Top 7' Plant hide faecal score: 0.14t
STEC Plant hide faecal score is 2 compared to 1 3.02 1.1,8.3 0.03*
Plant hide faecal score is 3 compared to 1 3.07 0.8,11.6 0.09
Plant hide faecal score is 4 compared to 1 3.77 06,223 0.1
Proportion of potential STEC positive calf hides in calf
Potential
pen on the same day as the processing plant sampling  1.15  1.03,1.28 0.03
STEC

(per 10% increase in prevalence)

*Significant variable (p<0.05)

T Likelihood ratio test p-value of variable as a whole
‘Top 7' STEC random effects variance: Farm (0.21)
Potential STEC random effects variance: Farm (0.02)

Evaluation of risk factors for pre-intervention calf carcasses at the processing plant

indicated increased number of farms visited by the bobby calf transport truck was

associated with positive "Top 7' STEC results (OR=1.09, per increase in one farm visited

by transport truck). Visibly increased faecal contamination of hides at the processing

plant, as well as an increased proportion of calves with contaminated hides on the

processing line, was associated with an increased risk of potential STEC contamination

of carcasses (Table 4-17).
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Table 4-17: Generalised linear model of 'Top 7' STEC and potential STEC

prevalence for the pre-intervention calf carcass at the processing plant

Outcome
Factor OR 95% Cl p-value
variable

Number of farms visited by calf truck 1.09  1.00,1.20 0.049*
‘Top7°  'Top 7' STEC positive calf hide sample on farm on
3.16  0.93,10.74 0.065#
STEC the same farm visit

Number of calves in calf truck 0.99 0.97,1.00 0.065#

Proportion of potential STEC positive calf hides from

calves transported on the same transport truck (per 1.20 1.05, 1.4 0.006
10% increase in prevalence)
Potential
Plant hide faecal score 0.01t
STEC

Plant hide faecal score is 2 compared to 1 209 0.98,4.45 0.055
Plant hide faecal score is 3 compared to 1 3.72 1.2,11.2 0.02*
Plant hide faecal score is 4 compared to 1 9.63 1.6, 56.4 0.01*

*Significant variable (p<0.05)

#Confounding factor left in model

T Likelihood ratio test p-value of variable as a whole

‘Top 7' STEC random Effects Variance: Farm (Variance = 0.0)
Potential STEC random Effects Variance: Farm (Variance = 0.0)

4.5.4 Bacterial isolation

Individual bacterial isolates (n=101), up to four from a single sample, were retrieved
from 40 frozen glycerol enrichment broths. The overall success of bacterial isolation of
a detected ‘Top 7 STEC serogroup from a sample was 19.6% (40/204), however some
of these were non-pathogenic, therefore the overall success of bacterial isolation of

STEC was 14.2% (29/204) (Table 4-18).
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Table 4-18: Detection of 'Top 7' STEC by NeoSEEK and success of retrieval of

bacterial isolates

Samples detected

Isolate recovered STEC isolate Overall STEC

Serogroup as 'Top 7' STEC
from sample* recovered* recovery
by NeoSEEK

0157 13 4/13 (30.8%) 4/4 (100%) 4/13 (30.8%)
026 56 25/56 (44.6%) 24/25 (96%) 24 (42.9%)
045 15 1/15 (6.7%) 0/1 (0%) 0%
0103 70 4/70 (5.7%) 0/4 (0%) 0%
o111 5 0 0 0%
0145 45 6/45 (13.3%) 0/6 (0%) 0%

*At least one isolate was recovered from the frozen enrichment broth

455 Whole genome sequencing (WGS) analyses of bacterial isolates

One 'Top 7' STEC serogroup isolate recovered from each sample from the six farms

were whole genome sequenced (n=40). The subsequent analyses focused on the 25

isolates belonging to serogroup 026, which was the most prevalent and widely

distributed serogroup retrieved from all farms (n=6) and several sources (n=8). This

allowed for an analysis of the population structure of similar STEC within and between

farms.

The population genetic analysis was conducted using three measures of genetic

variation: the core genome (based on single nucleotide polymorphisms between core

genes); the accessory genome (presence or absence of genes not present in all

isolates); and virulence factor genes. Two potential sources of variation were

considered: farm and isolation source (Table 4-19).
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Table 4-19: PERMANOVA analysis of core genome, accessory genome, and

virulence factors of O26 isolates (n=25) by farm and isolation source

Factor evaluated Df Psuedo-F p-value

Core genome Farm (n=6) 4 17.17 0.0001
(n=1,974 SNPs) Isolation source (n=38) 6 1.05 0.42

Accessory genome Farm (n=6) 4 10.64 0.0001
(n=2,265 genes) Isolation source (n=38) 6 0.996 0.47

Virulence genes Farm (n=6) 4 19.53 0.0004
(n=28 genes) Isolation source (n=38) 6 0.97 0.40

Variation for core genome: farm (83.9%), residual (16.1%)
Variation for accessory genome: farm (75.6%), residual (24.45)
Variation for virulence genes: farm (86.7%), residual (13.3%)

Farm was the strongest determinant of genetic variation; isolates recovered from the
same farm were much more similar than isolates compared between farms. ‘Farm’
explained 75-87% of the genetic variation, whereas the sample type/isolation source
explained very little of the variation once farm had been taken into consideration. This
means that isolates from multiple sources on the same farm displayed a high degree of
genetic similarity, consistent with widespread dissemination of clonal strains across

multiple environments within the same farm.

The population structure described in Table 4-19 was further visualised using
dendrograms. Phylogenetic trees of the core and accessory genomes for serogroup
026 (Figure 4-1) and other 'Top 7' STEC serogroups (Figure 4-2) were annotated with
antibiotic resistance gene classes and virulence factor genes identified in isolates.
Hierarchical cluster analysis was performed for the serogroup 026 isolates with farm
and isolation (Figure 4-3). Figure 4-1 and Figure 4-3 show clear differentiation of
serogroup 026 E. coli based on farm but not isolation source, consistent with the

PERMANOVA analysis summarised in Table 4-19.
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4.6 Discussion

The aim of this study was to identify factors influencing the carriage and
contamination of calves by STEC on dairy farms, and how these relate to post-
slaughter veal carcass contamination, in order to identify potential interventions that

would decrease carcass contamination at processing plants.

4.6.1 Prevalence and transmission routes of STEC in environmental and animal samples on farm

"Top 7' STEC and potential STEC were detected in every animal, feed, and
environmental source in this study (n=17). The actual rectal carriage (RAMS) of "Top 7'
STEC by calves and cows was relatively low (2.7-4.7%) when compared to several

environmental and feed sources on farm, such as the calf pen floor (26.0%).

Under experimental conditions, a study from Kulow et al. evaluated 4 to 5 month old
steers that were orally inoculated with STEC O157 in a controlled pen environment;
the inoculated strain was detected on hides, pen floors, water troughs, and pen walls
as well as in RAMS of inoculated steers (58). Other studies have evaluated STEC in the
farm environment, with STEC isolated from 17.1% of samples in an evaluation of
animals, water, and wildlife samples on 19 farms in the USA (154), to isolation of STEC

026 and STEC O157 from only 1-2% of milk filters in Italy.

In this study 17% of bird faecal samples screened were positive for "Top 7' STEC.
European starlings (Sternus vulgaris) can shed STEC O157 with transmission to calves
within three days during experimental conditions (168). Bird droppings sampled from
two farms 32.5 km apart found the same restriction endonuclease digestion (REDP)
subtype of O157:H7, indicating birds as a possible vector (153). Since faecal samples

were not directly sampled from birds in the calf pen environment in our study, the
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results should be interpreted with caution, as dust present in calf pens has been shown

in another study to be STEC positive (59).

Evaluation of factors associated with "Top 7' STEC and potential STEC calf carriage
(RAMS) and calf hide contamination on farm indicated calf to calf, environment to

calf, and cow to calf were viable routes of transmission and contamination.

Positive "Top 7' STEC carriage by calves was associated with the proportion of
contaminated calf hides in a shared pen environment on the same day of sampling
(OR= 2.01, per 10% increase in prevalence), and not surprisingly, hide contamination
in the calf pen was strongly associated with the proportion of calves colonised (RAMS)
in that pen on the same day of sampling (OR=4.85, per 10% increase in RAMS positive
prevalence). This finding, while intuitively obvious, indicates that active shedding of
"Top STEC' by calves in calf pens is closely linked to hide contamination, which may
eventually lead to veal carcass contamination. Hide contamination of calves was also
associated with increased shedding of E. coli O157 (p=0.002, n=52 heifers) in a similar
study in Australia (225). Another study in Australia also found that detection of a non-
O157 STEC serogroup in a faecal sample using the NeoSEEK assay was associated with

positive prevalence in a hide sample in culled dairy cattle (201).

Similar to the findings in a cross-sectional study of carriage of "Top 7' STEC by very
young calves (Chapter 3), increasing numbers of calves in a pen increases the risk of
"Top 7' STEC hide contamination (OR=1.14, increase of one calf in the calf pen). The
density of calves in a pen (number of calves divided by the area of the pen) was not
significant, suggesting that the biological amplification of "Top 7' STEC by each animal

is more important than decreased living area. Increased transmission with increasing
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numbers of animals is biologically plausible and consistent with frequency rather than
density-dependent transmission. A mixed effect of direct transmission (such as calves
nuzzling each other’s contaminated hides) and environmental contamination of pen
floors could lead to increased risk of STEC colonization in the shared pen
environment. Controlled studies indicated that calf-to-calf transmission was only
associated with 20% of serogroup O26 infection, with environmental exposure a more
predominant factor (157). Modelling of STEC transmission dynamics revealed 40% of
infections were attributable to calf-to-calf transmission, with 60% from environmental
sources (158). Increased faecal contamination of calf pens was associated with
increased STEC carriage and hide contamination of calves in a controlled infection
experiment (159). Factors affecting the pen, such as the previously identified increased
risk of “Top 7 STEC colonisation of calves with higher humidity in the pen (OR=1.09,
1% increase in relative humidity)(Chapter 3), may be involved in this pathway by

allowing proliferation and environmental persistence of STEC bacteria.

Cow related factors (colonised (RAMS ) cow on same farm visit, positive milk filter the
same farm visit, positive colostrum sample on the same farm visit) were associated
with increased risk of potential STEC in calf RAMS samples and hides of calves on
farm (Table 4-14, Table 4-15). These findings suggest that cows that have recently
calved can transmit potential STEC to calves, either due to direct transmission via
suckling of dams’ udders shortly after birth, or by administration of contaminated

colostrum in the calf pens.

While no significant difference was seen in "Top 7' STEC prevalence between calving

periods, analysis of calf RAMS and calf hide samples taken on farm indicate a higher
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risk (OR=5.6) during the middle, or peak, calving period compared to the early calving
period (Table 4-15). A similar increased risk was noted for potential STEC (Table 4-15,
OR=2.1). This could indicate that increased risk of calf hide contamination exists
during the peak of the calving season, when a large number of calves are being born

and living in shared pen environments.

Whole genome sequencing (WGS) analysis of forty bacterial isolates revealed isolates
from multiple sources on the same farm displayed a high degree of genetic similarity,
consistent with widespread dissemination of clonal strains across multiple
environments within the same farm (Figure 4-1). One clear example of clonal
transmission was seen in Farm 3 (F3), where twelve STEC O26 isolates from eight
animal and environmental sources (Figure 4-1, Figure 4-3), were isolated in 2015 over
three periods of the calving season. This provides evidence of persistence and
widespread dissemination of specific strains of STEC in the dairy farm environment. In
a study in the USA, similar PFGE profiles were seen year to year in the same feedlot,
and there was also little to no evidence of transmission of organisms between pens in
each feedlot, indicating highly localised transmission dynamics (144). In New Zealand,
PFGE analysis of E. coli serogroup O26 bacteria found that isolates from the same farm
were more clustered than from other farms (177). Overall, the molecular evidence of
STEC transmission dairy farms indicates several direct and indirect transmission

routes for STEC colonisation and hide contamination of calves.

4.6.2 Prevalence and transmission routes of STEC on hide and pre-intervention veal carcasses at
processing plants

A significant increase was noted between "Top 7' STEC positive calf hides on farm

(10.3%) and at the processing plant (37.5%), indicating significant contamination
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occurred during calf transport and lairage. This finding has been noted in another
study where STEC O157 hide prevalence increased from 50.3% to 94.4% between the
time cattle (n=286) were loaded for transport and stunned at the processing plant

(208).

Post-slaughter, 12.7% of pre-intervention calf carcass samples were positive for the
"Top 7' STEC, and 39.0% tested positive for potential STEC. Other research has found
that the prevalence of STEC contamination of calf hides and carcasses may vary
dependent on plant and interventions adopted. A U.S. Department of Agriculture
study of young veal calves at processing plants isolated STEC O157 bacteria from 20%
of hides and 7% of pre-intervention carcasses (202). This study also utilized the
NeoSEEK assay and identified 9o% of hides and 68% of carcasses positive for non-O157

STEC; 39% of those detections were confirmed by culture (202).

"Top 7' STEC on calf hides at the processing plant was associated with colostrum cow
STEC colonisation (RAMS) on the same day of sampling (OR=9.4), and increased
visual contamination of calf hides at the processing plant (faecal score 2 compared to
1, OR=3.02; Table 4-16). An Australian study found that greater concentrations of STEC
O157 on hides were correlated to greater concentrations of STEC O157 on pre-
evisceration carcasses (206). Similar to previous findings on calf contamination and
carriage of STEC on farms, the presence of an actively shedding cow may simply be

indicative of widespread dissemination of STEC on the dairy farm.

‘Top’ 7 STEC contamination of pre-intervention carcass samples was associated with
an increasing number of farms visited by the transport truck (OR=1.09, increase of one

farm; Table 4-16). These findings indicate the importance of hide contamination on
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farm and cross-contamination of calves during transport to eventual contamination of
pre-intervention carcasses. For every farm visited by the bobby transport truck, the
chances of an individual calf being contaminated increase; a single calf may have the
potential to cross-contaminate many other calves during transport and lairage (184). A
positive association was found between cattle carcasses that were positive for E. coli
O157:H7 and transportation in a truckload which contained at least one high shedding
(greater than 10* CFU/g of faeces) cow (230). Analysis in our study indicated that
neither the number of calves in the truck, nor the duration of transport of calves, were
found to be significantly associated with contamination of pre-intervention carcass
samples. This suggests that an individual calf from a single farm can have a profound

impact on hide and pre-intervention carcass contamination at processing plants.

Two sequenced bacterial isolates provided examples highlighting the risk of cross-
contamination of hides of calves during transport and lairage. One STEC O26 from a
calf hide at the processing plant from Farm 3 (F3), as well as an STEC O157 from a pre-
intervention carcass from Farm 1 (F1), both showed clear genetic differences from the
predominant strains on their respective farms (Figure 4-1, Figure 4-3). Although these
strains could have been present at low levels on the farm of origin, this supports
previous New Zealand research that STEC from another calf on another farm directly
or indirectly contaminated the hide and carcass of these calves (184). Other research
found that only 29% of STEC O157 isolates collected from cattle at a processing plant
matched isolates collected on farm using PFGE, indicating cross-contamination of
carcasses from other sources (208). This finding provides further evidence to the risk

of transport and lairage to increased hide contamination, as well as the risk of
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contamination with increasing numbers of farms visited by bobby calf transport

trucks.

4.6.3 Limitations

Due to the depth and breadth of sample collection and processing (up to 96 samples a
day), this study was limited by the number of farms evaluated (n=6). However, the
focused assessment on several farms allowed for an in-depth evaluation of

transmission and contamination pathways from farms to processing plants.

Selection bias existed in the “Top 7 STEC results from NeoSEEK, as most samples that
had previously been screened as potential STEC using RT-PCR were eligible for
NeoSEEK testing. This strategy was due to resource limitations for the NeoSEEK
testing of all samples (n=2580). However, our method used random selection of pre-
screened samples, as well as the inclusion of a cohort of bobby calves, to help identify
potential transmission routes and risk factors for STEC colonisation and

contamination.

Our advanced molecular detection methods (NeoSEEK, RT-PCR) only allowed for
prevalence estimates of STEC, rather than the concentration of bacteria in the
samples. Understanding concentration of bacteria may be useful for chemical
interventions to decrease STEC contamination. While this may be a limitation, these
types of molecular methods are used to screen and confirm the presence of "Top 7'
STEC in beef trim for the export market; these methods are directly relevant to the

New Zealand meat industry.

Finally, our analysis of the effect of transport and lairage of bobby calves to processing

plants was limited by not sampling bobby calves from other farms that were
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transported with our cohort calves. However, our investigation identified increased
cross-contamination during transport and lairage, as well as the increasing risk of
cross-contamination with each farm visited; this would be an important factor to fully

evaluate in further studies.

4.7 Conclusion

The key driver for colonisation of very young calves appears to be a combination of
dam-to-calf, calf-to-calf, and environment-to-calf factors. Several dam-related
pathways, including cow colonisation (RAMS) and contamination of colostrum and
milk filters, strongly indicate cows are part of the transmission cycle. The
contamination of calf hides, while indicative of shedding of 'Top 7' STEC within the
pen, may also act as a transmission route, due to calves nuzzling behaviour with other
calves. Our genomic analyses support the conclusion that cows, calves, the
environment, and feed sources are contaminated or colonised by the same strains of

STEC, indicating that multiple transmission pathways are in action.

Transport and lairage led to significant increases in the prevalence and genomic
diversity of "'Top 7' STEC on calf hides at the plant, suggesting cross-contamination of
hides had occurred. Visually detectable contamination of hides, as well as
contamination of calf hides on farms increased the risk of eventual pre-intervention
carcass contamination. The increase in farms visited by the transport truck increased
the risk for pre-intervention carcass contamination. This would suggest that calf hide
contamination or calf colonisation with STEC from one farm could lead to increased

contamination of calf hides and pre-intervention carcasses of calves from other farms.
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Due to the large number of potential transmission routes identified in this study,
preventing exposure of very young calves to STEC on dairy farms is likely to be
difficult to achieve. Even within the first three days of life, 10% of calves had "Top 7'

STEC hide contamination and some were already colonised and shedding STEC.

Higher numbers of calves in shared pens has been identified both in this study and a
larger cross-sectional study (Chapter 3) as a risk factor for STEC carriage, suggesting
that transmission between calves could be reduced by decreasing pen-occupancy
rates. Fewer calves in pens would result in decreased amplification of STEC in the
environment. Calf pen faecal contamination could lead to hide contamination on the
ventral surface of the calf; the ventral surface is where opening cuts are made in the
hide during processing, and faecal contamination in this area may pose a higher risk
for contamination of veal carcasses. Random clinical trials should be designed to
evaluate the influence of decreasing pen-occupancy of calves on the contamination

and colonisation of veal calves on farms.

Reduced contamination of calf hides may lead to decreased transmission of STEC on
farms, as well as a decreased opportunity for initial contamination of carcasses during
slaughter and dressing. Decreasing persistence of STEC in the calf pen environment,
as well as on transport trucks and in lairage, may further decrease the level of
contamination. Sanitizers and local disinfection could be applied, but enlisting
farmers to participate may be impractical; several opportunities for chemical
interventions exist during transport and lairage: loading into a transport truck,

unloading from a transport truck, and while in lairage.
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As opposed to interventions to try and minimise the level of contamination associated
with veal calves presented for slaughter and dressing, the value of meat hygiene
training at cattle processing plants cannot be overlooked. An assessment of current
processing plant practices in the Netherlands revealed half the plants had structural
and procedural inadequacies that led to a higher level of microbial contamination of
carcasses (209). This study led to significant improvements in hygiene practices. A
USDA study in veal processing plants found that after three processors improved their
harvest process as recommended by the FSIS, there were significant drops of almost
50% in the contamination levels of hides compared to carcasses (202). In 2016, the
Meat Industry Association in New Zealand worked together with the Ministry of
Primary Industries to introduce nine initiatives aimed at reducing the risk of veal
carcass contamination with ‘Top 7’ STEC, including hosting workshops targeted at
senior operators, supervisors, technical staff and on-site verification staff (14).
Continued educational efforts at meat processing plants in New Zealand may reduce

the risk of veal carcass contamination.

These results suggest that ‘Top 7' STEC is likely to be maintained to some degree in
the farm environment throughout the year, and there are a number of risk factors that
have the potential to increase the level of colonisation of young calves on dairy farms,
as well as hide and pre-intervention carcass contamination during transport and
lairage. This research has provided evidence that is useful for risk mitigation of "Top 7'
STEC on farms and at processing plants, and can be used for future studies and

application of effective control strategies.
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Preface to Chapter 5

Tanto monta cortar como desatar

-Spanish proverb
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5 A global genomic examination of
Shiga-toxin producing Escherichia coli
(STEC) serogroup O26 and non-
toxigenic variants from multiple
sources

5.1 Abstract

Shiga toxin-producing Escherichia coli (STEC) serogroup O26 are a public health risk,
capable of causing haemorrhagic diarrhoea and life-threatening kidney failure. For
this study, human and bovine E. coli O26 isolates from New Zealand (n=152) were
whole genome sequenced and compared with 252 publicly available E. coli O26
genomes from 14 other countries. Evolutionary analysis indicated E. coli serogroup
026 have an open genome (a Heap’s Law coefficient of 0.35), with 2,718 core genes,
8,904 accessory genes, and 9,777 singleton genes detected for a pangenome size of
21,399 genes. Phylogenetic analyses revealed multiple strains have circulated globally
and are present in many countries. PERMANOVA analysis of the pangenome
composition indicated that genomic variability among isolates was mostly explained
by multilocus sequence type (32.5%), country of origin (18%), and stx profile (6%).
[solation source (<0.01%) was not a significant predictor of variability. Eight classes of
antibiotic resistance genes were detected among all isolates analysed, with
aminoglycoside (30%) and sulphonamide (23%) the most commonly detected. Time of
most recent common ancestor (TMRCA) estimates revealed key periods of

introduction of serogroup 026 sequence type 21 (ST-21) into New Zealand between the
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1920’s and 1980’s, along with introduction of non-virulent O26 ST-29 strains during
the early 2000’s. New Zealand has monophyletic clades that indicate several points of
introduction in the past, followed by independent evolution. When compared to
another island nation, Japan, New Zealand showed remarkably few instances of
introduction and comparisons of historical introductions of live cattle into these
countries indicate cattle importation may heavily influence the rate of incursion of
novel strains into countries. The emergence of highly pathogenic stx2 strains in
Europe and Japan, which were not identified in New Zealand, may be due to a
combination of international trade in live cattle as well as local evolution. Our
assessment shows that whole genome sequencing provides valuable insight into the

pathways of zoonotic disease transmission between countries.

5.2 Introduction

Shiga toxin-producing Escherichia coli (STEC) are a public health risk, capable of
causing haemorrhagic diarrhoea and life-threatening kidney failure, particularly in
children (5). STEC are primarily transmitted via the faecal-oral route, and ruminants,

predominantly cattle, are important reservoirs of this zoonotic pathogen (6).

While much initial research effort focused on STEC serotype O157:H7 as the main
STEC pathogen involved in haemolytic uremic syndrome (HUS) (16), STEC serogroup
026, particularly serotype O26:Hi1, has become an increasingly common cause of
human disease. STEC 026 is the second most frequently detected serogroup causing
STEC illness in New Zealand (11), the USA (231), and Europe (10). Recent STEC O26
outbreaks were associated with contaminated flour (106) and food consumed at a

restaurant chain in the USA (2), and dairy products from Italy and Romania (232). The

145



emergence of highly pathogenic strains that harbour the stx2 toxin gene, particularly

in Europe, has led to an increase in HUS related to the O26 serogroup (46, 47).

Whole genome sequencing (WGS) has become an essential part of food safety public
health investigations by offering high resolution identification of related bacterial
isolates, helping to direct source attribution investigations and interventions (233).
Cooperative efforts such as GenomeTrakr (234), a laboratory network established by
the U.S. Food & Drug Administration (FDA) that includes the Americas, Europe, and
Australia, are strengthening the global WGS network for human pathogens. The large
amount of sequence data produced by such initiatives provides an opportunity to
interpret the evolution and transmission of various organisms across national

boundaries.

New Zealand is a geographically isolated island nation that offers a unique
opportunity to evaluate the effects of importation and biosecurity measures on control
and transmission of zoonotic diseases (7). New Zealand has a relatively high incidence
of notified human disease caused by STEC compared to other countries where the
disease is notifiable, with 8.9 STEC cases per 100,000 population reported in 2016 (210).
A case-control study in New Zealand identified contact with animal manure and the
presence of cattle in the local area as significant risk factors for human infection (12).
Following this case-control study, a 2014 national cross-sectional study of young dairy
calves found STEC O26 in 7.2% of sampled animals using a culture-independent PCR
MALDI-TOF assay (Chapter 3). The purpose of this study was to undertake
comparative genomics of E. coli serogroup 026 isolates from human clinical cases,

cattle in New Zealand, and genomes of bacterial isolates from non-New Zealand
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sources, examining the genetic diversity and population structure, evolution, time of
most recent common ancestor (TMRCA), virulence genes, and antibiotic resistance
genes. These data can be used to infer the likely importation, transmission, and
evolution of STEC within New Zealand, which can inform risk management decisions
with the regard to movement of reservoir animals, as well as potential interventions

for public health.

5.3 Methods

This research received Massey University Ethics Notification Number 4000016530.
This project has been evaluated by peer review and judged to be low risk. Phylogenetic
figures were created using the iTOL (Interactive Tree of Life) software (221), and
further amended using Inkscape open source software version 0.92.2

(https://inkscape.org).

485 New Zealand bacterial isolates: selection, DNA and library preparation, and sequencing

Random stratified selection was performed by year, region, farm, and source, to select
152 serogroup 026 bacterial isolates from New Zealand human (n=32) and bovine
sources (n=120), from 1985 to 2016. Human isolates were obtained from the New
Zealand Reference Culture Collection (The Institute of Environmental Science and
Research, Wallaceville, New Zealand), and bovine isolates from the Hopkirk Research
Institute at Massey University. DNA extraction was performed on a single colony
picked from Columbia Horse Blood Agar (Fort Richard Laboratories, Auckland, New
Zealand) using the QIAamp® DNA MiniKit (Qiagen, Hilden, Germany), and
sequencing libraries were prepared using the Nextera XT DNA Library Preparation Kit
(Ilumina, San Diego, United States). Prepared libraries were submitted to New

Zealand Genomics Limited (University of Otago, Dunedin, New Zealand), who
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performed sequencing using Illumina MiSeq 2 x 250bp PE and Illumina HiSeq 2 x 125

bp PE v4.

Processed reads are publicly available on the NCBI Sequence Read Archive (SRA)
under BioProject ID PRJNA396667; metadata are stored under the BioSample

accession numbers SAMN07430747 to SAMNo07430900 inclusive (Appendix Table 5).

4.8.6 Selection and retrieval of publicly available E. coli serogroup O26 raw sequence data

Due to quality threshold considerations for downstream analyses, only bacterial
isolates with raw sequencing data were selected for inclusion in this study. Publicly
available E. coli serogroup O26 sequences were obtained by examining literature in the
PubMed database for “O26” and “genome”, and searching public databases, including
NCBI SRA metadata and the EMBL-EBI European Nucleotide Archive. Isolate selection
was stratified by country, year, and isolation source; up to four isolates were selected
randomly from the same country, year, and isolation source. For the purposes of this
study, raw beef samples taken from trim or carcasses were classified as “bovine”, while
the “food” classification indicated non-meat samples (e.g. spinach, flour). All potential
sequences for this study were selected prior to January 2018. A complete list of the 252
publicly available serogroup 026 sequences selected for this study is available in
Appendix Table 6, with BioProject, BioSample, SRA run number, and study strain

name listed therein.

4.8.7 Assembly, annotation, and initial analyses of whole genome sequence data

Whole genome sequence data was evaluated for sequence contamination using
Kraken (235), assembled, and annotated using the Nullarbor pipeline in the “accurate”
mode (218). Virulence and resistance genes were identified using ABRicate

(https://github.com/tseemann/abricate). Virulence and resistance genes were defined
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as present in a genome when greater than 60% gene coverage could be identified by
this method. ECTyper was used to identify somatic (O) and flagellar (H) antigens
(O:H serotype) (https://github.com/phac-nml/ecoli_serotyping). Identified attributes

and metadata for all genomes are available in Appendix Table 7.

Pangenome analysis was performed with the FindMyFriends package in the R
environment (236). This method groups genes into orthologous clusters by
implementing the cd-hit clustering algorithm (237), followed by a cluster-refinement
based on k-mer similarity. The HierarchicalSets package (238) is then used to examine
pangenome composition, estimating the similarity of isolates based on the number of
shared (core), and characteristic (accessory/pan) genes. Gamma heterogeneity,
defined as the ratio of the number of core genes (intersect) to the number of pan
genes (union) is calculated for each group of genomes, and isolates are hierarchically
clustered in order to minimise total heterogeneity, producing a dendrogram
representation of genomic similarity. Functional annotation of clusters of orthologous
groups (COGs) created by FindMyFriends was performed with eggNOG-Mapper (239).
RaxML maximum-likelihood trees were generated from the concatenated alignment of
all core genes that were output by FindMyFriends (219). A dissimilarity matrix was
created with the virulence gene output, based on the presence and absence of
virulence genes between pairs of isolates, and used to create neighbour-joining trees.
We performed hierarchical clustering on the virulence gene presence/absence matrix
using the “hclust” package in R (222), and compared it to a core genome phylogeny of

all 404 genomes from Snippy version 3.0 (https://github.com/tseemann/snippy).
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A distance matrix of the HierarchicalSets, as well as a dissimilarity matrix of the
virulence genes (n=192), were evaluated with PERMANOVA (PRIMER-E, Quest
Research Limited, Auckland, New Zealand) with sequence type, country, isolation

source, and stx profile as independent factors.

4.8.8 Single nucleotide polymorphism (SNP) alignment and time of most recent common ancestor
(TMRCA) analyses

DECIPHER was used to create a core gene alignment from the FindMyFriends package
(240). Two core alignments were performed for 2 sequence types: ST-21 (n=345
isolates), and ST-29 (n=48 isolates). Recombinant regions and identical isolates were
removed using Gubbins 2.3.1 (241), resulting in 344 isolates (ST-21) and 48 isolates (ST-

29) in the final analysis.

The time of most recent common ancestor (TMRCA) was determined using BEAST 2
(242). Model evaluation of a combination of substitution, clock, and population
models was performed using a method-of-moments-estimator (243) and evaluation of
log files using Tracer v1.6.1 led to a preferred model selection. General Time Reversible
(GTR) substitution models were used to estimate TMRCAs with a Coalescent
Extended Bayesian Skyline model and relaxed molecular clock (244). TMRCA analysis
was calibrated by tip dates (ST-21: 1947-2017; ST-29: 1952-2017); decimal dates were
rounded to the middle of the month or year if an exact date was not available within
the month or year. Effective sample size (ESS) exceeded 100 for all models evaluated.
To determine the substitution rate for each sequence type, we multiplied the
substitution rate estimated by BEAST 2 by the number of analysed core SNPs and then
divided the product by the mean genome size of the isolates analysed. Maximum clade

credibility trees were created using TreeAnnotator v2.4.7 with a 10% burn-in (242).
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4.8.9 Cattle importation data

New Zealand cattle importation data were combined from a previous publication of
historical importations of cattle into New Zealand (245), and Food and Agriculture

Organization (FAO) data from 1961 to 2013 (246). Live cattle imports into Japan from
1961 to 2013 were obtained from FAO data to allow for a comparison to New Zealand

live cattle imports (246).

5.4 Results

The 404 E. coli serogroup O26 genomes analysed in this study are summarized in
Table 5-1. Most isolates were obtained from New Zealand (n=152), Japan (n=94), and
the USA (n=79). The majority of isolates were ST-21 (n=345) and ST-29 (n=48),
multiple stx gene profiles were represented (stxi, stx2, stx1 & stx2, and no stx), and the

source of isolates fell into four groups: “human”, “bovine”, “food”, and “other animal”.
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Table 5-1: Summary of E. coli serogroup O26 isolates (n=404) by country (n=15)

stx profile Sequence type Source
stx1& No ST- ST- Other- Other
Country stx1 stx2 Human Bovine Food
stx2 stx 21 29 ST* animal

Australia

1 1 1
(n=1)
Belgium

20 1 2 1 20 1 3 16 8
(n=24)
Continental
Europe” 3 13 2 3 6 13 2 19 2
(n=21)
Japan (n=94) 70 8 11 5 88 5 1 77 16 1
New Zealand

104 48 136 16 32 120
(n=152)
Other North
America* 3 1 3 1 2 1
(n=4)
United
Kingdom 10 7 8 4 25 3 1 28 1
(n=29)
United
States of

60 9 5 5 66 10 3 45 27 3
America
(n=79)
Total

271 38 28 67 345 48 11 220 174 5
(n=404)

*Denmark (n=1), France (n=9), Germany (n=6), Italy (n=1), Norway (n=2), Poland (n=1), Switzerland

(n=1)

#Canada (n=3), Mexico (n=1)

4.8.10 Evolutionary dynamics of E. coli serogroup 026

Gene clustering analyses identified 2,718 core genes, 8,904 accessory genes, and 9,777

singleton genes, for a pangenome size of 21,399 genes. Core genes are present in all
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genomes, accessory genes are present in more than one but not all genomes, and
singleton genes are only present in a single genome. A plot of the number of core,
accessory, and singleton gene groups with the addition of each additional O26 isolate
indicates an open genome (Figure 5-1), meaning the addition of new bacterial isolates
leads to the addition of new genes into the pangenome. The optimal fit of the Heap’s
Law coefficient to these data was 0.35, further supporting a classification as an open
genome (Figure 5-2). The number of genes identified in each genome varied from
4,388 to 5,855, with an average of 5,305 genes per genome. When placed in a bar graph
with sequence type, country, isolation source, and stx profile, bacterial isolates that
contained no stx gene had lower gene numbers, but no other clear patterns were

visible (Figure 5-3).
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Figure 5-1: Number of gene groups per serogroup O26 bacterial isolate by core,

accessory, and singleton gene group counts

Heap's Law coefficient = 0.3527
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Figure 5-2: Heap's Law coefficient of serogroup O26 bacterial isolates (n=404), by

number of new genes per bacterial isolate
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Figure 5-3: Number of genes detected in serogroup 026 bacterial isolates (n=404)

by country, sequence type, source, and stx profile

Hierarchical set clustering outputs, with shared gene groups present, are shown in
Figure 5-4, with clades “A” through “E” marked for comparisons between figures;
Appendix Figure 2 includes the real branch lengths of the phylogenetic tree. The green
blocks in the “Intersection” portion of Figure 5-4 indicate the number of core genes
shared by that group; these indicate that clades “A” through “D” each share
approximately 4,000 core genes. The “Union” portion of Figure 5-4 represents the

pangenome relatedness between bacterial isolates. A summary of the functional
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annotation gene groups is represented in Figure 5-5, for all genomes as well as specific
clades. Proportions of gene functional groups were visually similar between the clades,
indicating that no particular clade had a preference for more genes that perform a
particular function. A pangenome hierarchical set tree is annotated with country,
sequence type, isolation source, and antibiotic resistance gene class (Figure 5-6).
Multiple strains have circulated globally and are present in many countries, but New
Zealand has evidence of monophyletic clades. Clades “A” and “D” had only ST-21
isolates, while clades “B” and “C” had a mixture of ST-21, ST-29, and other multilocus
sequence types. Bovine and human isolation sources were interspersed in the same
clades. Distinct combinations of resistance genes were present in isolates from

different countries.
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antibiotic resistance gene class. The clades as defined in previous figures above are

annotated.

4.8.11 Pathogenicity of serogroup 026 E. coli

Figure 5-7 illustrates a neighbour-joining tree based on a distance matrix of the
presence and absence of virulence genes detected (n=192); a real branch length figure
is also available (Appendix Figure 3). Of particular interest are the large numbers of

New Zealand isolates with identical virulence profiles from human and bovine sources,
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while a large clade from Japan, the USA, and Belgium also have identical profiles. A
hierarchical cluster analysis of virulence genes loosely cluster the genes into 3 clades,
separated by the presence of stxi, stx2, and eae, indicating that if these genes were
present in a bacterial isolate, other particular virulence genes were also likely to be
present (Figure 5-8). The clusters of virulence genes support the presence of potential
pathogenicity islands, such as the Locus of Enterocyte Effacement pathogenicity island
(LEE), indicated by the genes clustering with eae (e.g. esp, sep). To evaluate the
importance of virulence genes to overall evolution and differentiation between
isolates, we generated a hierarchical tree of virulence genes compared to a core gene
alignment generated with Snippy (Figure 5-9). This comparison indicates several
virulence gene clusters are predictive for the overall phylogenetic Snippy tree. For
instance, the presence of gsp and fae genes, involved with the general secretory
pathway (gsp) and bacterial adhesion to the intestinal villi (fae), defined a group of ST-

29 isolates from New Zealand, Belgium, Switzerland, Italy, the UK, and France.
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Figure 5-9: Heatmap (gold=present; purple=absent) of hierarchical cluster analysis
of virulence genes (x-axis, n=192) compared with a SNP core gene alignment (y-

axis, n=404)
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4.8.12 Evolution of predictors of genetic variability

PERMANOVA analysis for the pangenome and virulence genes revealed variability
among isolates was mostly predicted by sequence type (33%, 84%), country of origin
(18%, 2%), and stx profile (6%) respectively, while isolation source was not a
significant factor (Table 5-2).

Table 5-2: PERMANOVA analysis of pangenome genes and virulence genes by

sequence type (ST), country, isolation source, and stx profile

Component
Dataset Variable df Pseudo-F p-value
of variation
Sequence type 5 9.3 0.0001 33%
Pangenome
Country 14 8.3 0.0001 18%
(n=21,399
Isolation source 3 1.1 0.358 <0.01%
genes)
stx profile 3 6.9 0.0001 6%
Sequence type 5 119.3 0.0001 83.7%
Virulence
Country 14 5.4 0.01 1.9%
genes
Isolation source 3 2.8 0.07 0.3%
(n=192)
stx profile 3 35.3 0.0001 6.2%

Residual variation: pangenome (43%), virulence genes (7.8%)

4.8.13 Time of most recent common ancestor (TMRCA) analysis and inferred global importation
and transmission of E. coli 026

A core gene alignment of serogroup O26 ST-21 isolates (n=344) generated 9,702 SNPs,
while ST-29 isolates (n=48) generated 4,686 SNPs. Gubbins (241) identified 324 areas
of recombination in ST-21 and 277 areas of recombination in ST-29 alignments (Figure
5-10, Figure 5-11). The time of most recent common ancestor (TMRCA) estimates for
ST-21 and ST-29 isolates are shown in Figure 5-12 and Figure 5-13 respectively, with
important convergence dates annotated with a 95% highest posterior density (HPD)

interval; detailed figures with posterior probabilities and each isolate identified are
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available in Appendix Figure 5 and Appendix Figure 6 for the ST-21 and ST-29 isolates

respectively.

In Figure 5-12, four New Zealand ST-21 monophyletic clades indicate TMRCA estimates
between the 1920’s to 1990’s. Individual New Zealand monophyletic clades show
evidence of importation from European sources (1958 to 1982 95% HPD interval) or
USA sources (1971 to 1992 95% HPD interval). Paraphyletic clades are visible from
European sources, and in particular from USA and Japan isolates, which create a
panmectic community, indicating frequent transmission between these countries. The
TMRCA for all ST-21 isolates was in the late-18™ Century (1717 to 1822 95% HPD
interval). In Figure 5-13, two New Zealand ST-29 monophyletic clades show TMRCA
estimates from the 1970’s to the early 21* century. TMRCA estimates of clades of
individual countries indicate various dates from the mid 19™ century onwards. The
TMRCA for all ST-29 isolates was older than the ST-21 isolates, at 1427 to 1696 (95%
HPD interval). In both Figure 5-12 and Figure 5-13, there is no evidence of transmission
of New Zealand strains to the other countries evaluated in this study. The calculated
substitution rate for ST-21 was 1.4 x 107 substitutions per site per year (1.1x107 - 1.7 X
107 95% CI) and the substitution rate for ST-29 isolates was 3.2 x 10”7 substitutions per

site per year (2.3 x107 - 3.9 x 107 95% CI).
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Figure 5-10: Areas of recombination (n=324) removed during Gubbins (241)
processing for E. coli serogroup O26 sequence type 21 (ST-21) isolates (n=344).
For each isolate, blocks representing the regions identified as recombinations are
indicated by coloured blocks. Blue blocks are unique to a single isolate while red
blocks are shared by multiple isolates. The horizontal position of the blocks

represents their position in the core gene alignment of 3310 genes.
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Figure 5-11: Areas of recombination (n=277) removed during Gubbins (241)
processing for E. coli serogroup O26 sequence type 29 (ST-29) isolates (n=48). For
each isolate, blocks representing the regions identified as recombinations are
indicated by coloured blocks. Blue blocks are unique to a single isolate while red
blocks are shared by multiple isolates. The horizontal position of the blocks

represents their position in the core gene alignment of 3,727 genes.
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Detection of resistance genes for eight classes of antibiotics are shown in Table 5-3,
grouped by country and isolation source; a table of detected resistance gene classes for
all isolates is available (Appendix Table 8). Resistance genes were detected in 252
bacterial isolates (62.4%). The most commonly detected resistance genes belonged to

the aminoglycoside (29.9%), sulphonamide (23.0%), and tetracycline (19.3%) classes of
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antibiotics. New Zealand and the USA had low prevalence of antibiotic resistance
genes for all classes of antibiotics analysed. Human isolates had a higher prevalence of
antibiotic resistance genes than bovine isolates for the beta-lactam, sulphonamide,

and tetracycline classes of antibiotics.
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Table 5-3: Antibiotic resistance gene detection of serogroup 026 bacterial isolates (n=404) by antibiotic class (n=8)

compared with country and source

Fact
T :r d Aminoglycoside Beta-lactam Macrolide Phenicol Quinolone Sulphonamide Tetracycline Trimethoprim
evaluate:
Australia (n=1) 100% 100% 100%
Belgium (n=24) 67% 25% 4% 17% 67% 42% 17%
Continental
29% 14% 10% 5% 24% 14%
Europe (n=21)
Japan (n=94) 32% 13% 1% 6% 1% 32% 24% 3%
N Zealand
ew cearan 26% 0.7% 0.7% 12% 12% 0.7%
Country (n=152)
Other North
ermoe 50% 25% 25% 25% 50% 100%
America (n=4)
United
Kingdom 24% 21% 4% 29% 25% 4%
(n=29)
United Stat f
nited States o 13% 13% 4% 4% 14% 2.5%
America (n=79)
Human (n=220) 28% 12% 0.4% 4% 0.4% 27% 21% 3%
Source* Bovine (n=175) 27% 6% 3% 4% 16% 15% 2%
Food (n=5) 20% 20% 20% 20% 20% 20%
All isolat:
isolanes 29.9% 10.1% 2.0% 4.2% 0.5% 23.0% 19.3% 2.7%
(n=404)

*No detection of antibiotic resistance genes in Other Animals (n=5)
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Figure 5-14 displays the historical importation of live cattle into New Zealand. The vast
majority of cattle were imported in the 1860’s, while importations increased during the
1950’s to 1990’s. A comparison between live importation of cattle into both New
Zealand and Japan from 1961 to 2013 is shown in Figure 5-15. New Zealand imported
fewer cattle than Japan for all years examined; since 1991, New Zealand has
consistently imported less than one hundred live cattle a year, while Japan has
imported over 10,000 a year (Figure 5-15). In contrast, the resident cattle stock
numbers present in New Zealand were higher (6.4 million in 1961, to 10.2 million in

2016) when compared with Japan (3.2 million in 1961, to 3.8 million in 2016) (246).
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Figure 5-14: Bar graph of historical importations of live cattle into New Zealand

between 1860 and 2010 by decade
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Figure 5-15: Comparison of live cattle imported (logio scale) into New Zealand and

Japan from 1961 to 2013

5.5 Discussion

This study used whole genome sequencing (WGS) to compare New Zealand E. coli
serogroup 026 bacteria with isolates from around the world. Analyses revealed
multiple strains are present globally, with periods of between-country transmission
occurring mainly during the 20th century. Phylogenetic analysis and examination of
virulence and antibiotic resistance genes suggests several strains have differentiated

within New Zealand following few periods of introduction.

4.8.14 Evolutionary dynamics of E. coli serogroup 026

Comparative genomic analysis indicated that serogroup O26 E. coli had an open
genome (Figure 5-1, Heap’s Law coefficient 0.35). Evolution based on recombination
and horizontal gene transfer is predicted by the Public Goods Hypothesis for the

evolution of life on earth (43). In contrast to a Tree of Life evolutionary model (44),
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the Public Goods Hypothesis proposes that the horizontal exchange of widely
available DNA sequences, notably genes, are the primary driver for local bacterial
evolution (43). Applying this hypothesis to the evolution of serogroup 026 E. coli
implies continued adaptation of the bacterial strains in local geographical
environments as they continue to acquire and share genes. Ultimately, this could lead

to the emergence of new pathogenic lineages of STEC.

Gene counts (Figure 5-3) and functional annotation (Figure 5-5) did not reveal any
obvious patterns based on the factors evaluated in this study (sequence type, country,
isolation source), with the exception of fewer genes present in isolates that did not
contain a stx gene. Given the evidence that serogroup O26 E. coli has an open genome,
it is possible bacteria are constantly acquiring and removing genes that perform
different functions. While this process may lead to increased survival, it is also
possible that the process is random and there is a lack of selection pressure for isolates

to obtain genes with specific functions (e.g. defence mechanisms).

A previous analysis of 53 E. coli genomes from various serogroups and sources
estimated a core genome of 1,472 genes and an accessory genome of 13,296 genes (19).
This study of serogroup 026 E. coli found a core genome of 2,718 core genes, 8,904
accessory genes, and 9,777 singleton genes, for a pangenome size of 21,399 genes.
Although it may seem remarkable that a selection of E. coli from a single serogroup
would have a greater number of genes detected than various E. coli (19), this difference
can be attributed to the open genome, high level of genomic plasticity of E. coli, and

the larger sample size in this study (404 genomes compared to 53 genomes).
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One example of ongoing STEC evolution is the emergence of serogroup 026 ST-29 E.
coli in Europe. Historically, STEC O26 harboured the less pathogenic stx1 gene, and
most of the pathogenic STEC O26 were part of the ST-21 sequence type. Beginning in
the late 1990’s, a new strain of STEC O26 ST-29 with the more virulent stx2 emerged in
Germany (46), and more recently in France (47), and Switzerland (48). This strain is
more pathogenic, leading to an increased incidence of HUS and illness in adults.
Controlled experiments revealed that stx2 can be acquired and lost in serogroup 026
isolates, leading to dynamic changes in pathogenicity (49). The emergence of a highly
virulent ST-29 STEC 026 clade has been identified in Japan since 2012, and genomic
analysis revealed it is unique from the European variant; this provides another

example of evolution of this serogroup (50).

4.8.15 Between and within-country differentiations

The hierarchical set pangenome tree illustrated clades of New Zealand isolates that
were monophyletic, while most foreign isolates were paraphyletic, interspersed with
isolates from other countries (Figure 5-6). Pangenome and virulence gene
PERMANOVA analysis (Table 5-2) indicated that variability was best explained by
multilocus subtype, country of origin, and stx profile. The virulence gene
PERMANOVA analysis suggests that key genetic differences of strains between
countries are due to acquisition or loss of virulence genes, suggesting convergent
evolution may have contributed to adaptation in different ecosystems (i.e.
homoplasy). The lack of isolation source as a significant factor for pangenome or
virulence gene analysis (Table 5-2) suggests that serogroup 026 isolates present in
humans, cattle, food, and other animals are not genetically differentiated and

transmissions of this organism occurs frequently. From an evolutionary perspective,

175



the presence of a non-toxigenic clade of ST-21 E. coli from New Zealand (Figure 5-6,
Figure 5-7) indicates that these bacteria have not simply lost the stx bearing
bacteriophage in vitro during laboratory isolation, but have a fixed evolutionary

pathway that does not contain the stx gene.

Whole genome sequencing analysis of O157:H7 showed similar findings to our results,
where the within-country host diversity was unique, compared to the diversity
between sources (45, 247). Molecular typing of STEC O157 from New Zealand,
Australia, and the USA indicated strong population differentiation and a unique
genotype distribution for each country (45). The same study revealed patterns of local
spatial clustering of genotypes in New Zealand (45). Multiple occurrences of
international transmission, followed by local genetic evolution and differentiation
were also identified in another study of O157:H7 (247). Genes that are classified as
virulent for humans are important for the intestinal colonization of cattle (248, 249),
therefore the contrasting virulence attributes associated with isolates from different
countries may indicate separate niche adaptation and advantages for colonization of

local host populations.

4.8.16 Pathogenicity of STEC 026

A wide array of virulence genes (n=192) were detected in the analysed bacterial isolates
(n=404). Groups of isolates with identical virulence gene profiles were frequently

observed in isolates from New Zealand, Belgium, USA, and Japan (Figure 5-7).

Hierarchical clustering of virulence genes identified three clades, separated by the
presence of stxi, stx2, and eae (Figure 5-8). These clusters of virulence genes may

indicate pathogenicity islands introduced by bacteriophage (26). Acquiring new traits
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in a given environment can provide fitness and increase survival of pathogens (27), for
example it has been proposed that STEC are more resistant to consumption by
protozoa due to the presence of Shiga toxin, offering a survival advantage to the

bacteria (31).

Evidence of relatively recent acquisition of the stx2z virulence gene within STEC 026
ST-29 is a cause of concern (47). Other research has noted the potential for cattle ST-
29 strains to acquire the stx2-containing bacteriophage (250). The recombination
analysis (Figure 5-10, Figure 5-11) showed evidence of a difference between
recombination rates in ST-21 (n=7 areas) and ST-29 (n=38 areas), suggesting ST-29
may have a greater propensity for horizontal gene transfer. At the time of publication,
no STEC O26 with the stxz virulence gene has been isolated from animals or humans
in New Zealand, even though non-STEC ST-29 strains are present in cattle. In a
controlled study of 4 stx-negative O26:Hu strains and stx2 prophages, lysogeny could
not be induced, and sensitivity of strains to the prophage varied, indicating that
assimilation of stx2 into the bacterial genome of ST-29 isolates may be a rare event
(251). However, the presence of the stx2 virulence gene in highly pathogenic STEC 026
ST-29 in other countries indicate horizontal genetic transfer of stx2 has occurred,
although this phenomenon has not been observed in New Zealand. The 2011 outbreak
of STEC O104:H4 in Germany illustrated the clinical significance of the emergence of

new lineages following the acquisition of virulence genes (51).

4.8.17 Antibiotic resistance profiles and evolution

The resistance profiles form distinct combinations of resistance genes in isolates from
particular countries (Figure 5-6, Figure 5-7). The use of antibiotics is not usually

prescribed for human STEC infections (99), however selection pressure from antibiotic
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use in livestock and humans with undiagnosed diarrheal illness may influence the

evolution of resistance.

A comprehensive study of over two hundred E. coli strains containing eae isolated
from various livestock species found that over 65% of the strains were resistant to
tetracycline, streptomycin, erythromycin, and sulfamethoxazole, with resistance to
ampicillin, chloramphenicol, trimethoprim, and trimethoprim-sulfamethoxazole being
less common (approximately 30%) (33). The lower prevalence of antibiotic resistance
genes in New Zealand isolates in this study could be related to the lower use of
antibiotics for animals compared to other countries. A recent assessment of
antimicrobial use from New Zealand, as well as 26 European countries, Australia,
Canada, and the USA, found that New Zealand was the third lowest user of
antimicrobials for animals (mg active ingredient of antimicrobial per kg of biomass)
(252). This study also reported that antimicrobial use in humans exceeded animal use
by 12.8 times in New Zealand (252). The presence of antibiotic resistance genes in
serogroup 026 E. coli may be due to a combination of human and animal antibiotic

administration.

4.8.18 Inferred global importation and transmission of E. coli 026

The time of most recent common ancestor (TMRCA) of New Zealand O26 clades
suggests several separate importations of strains that appear to coincide with cattle
importation events (Figure 5-12, Figure 5-13, Figure 5-14). The presence of at least four
distinguishable New Zealand ST-21 monophyletic clades (Figure 5-12), and three New
Zealand ST-29 monophyletic clades (Figure 5-13), supports the view of multiple
introductions, followed by independent evolution in New Zealand. Phylogenetic

analysis suggests certain New Zealand clades are more associated with specific
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countries (e.g. USA or Continental Europe), indicating there are likely to be

transmission pathways via live animal imports.

The TMRCA of all analysed globally circulating ST-21 serogroup O26 E. coli was
estimated to be between 1751 and 1838 (95% HPD interval) (Figure 5-12). This period is
earlier than TMRCA estimates of 175 years ago for STEC O157:H7 isolated in England
(253), but similar to estimates for serogroup O26 E. coli by Ogura et al. of 1772-1831
(95% HPD interval) (254). The TMRCA of all ST-29 strains was estimated to have been
earlier, but with wide credibility intervals of 1349 to 1656 (95% HPD interval; Figure
5-13). This is consistent with the estimated origin of all ST-29 O26 in another study
(1531-1663 95% HPD interval) (254). It has been hypothesized that STEC O26 ST-21
emerged from non-toxigenic attaching and effacing E. coli (AEEC) strains following
the acquisition of key virulence genes (49). This analysis did not establish a timeline
associated with important horizontal gene transfer events, but these results indicate
that ST-29 is an older lineage of the E. coli 026 serogroup than ST-21. The estimated
mutation rate for ST-21 and ST-29 isolates in the present study are similar to previous

estimates for serogroup 026 (2.8-4.3 x107) (254) and O157:H7 (253).

4.8.19 Global transmission of STEC O26 via the movement of live cattle

The Food and Agriculture Organization of the United Nations estimates that 1.4
billion cattle are kept worldwide (123). Movement of cattle between Europe, the
Americas, Japan, Australia, and New Zealand increased during the late 19th century.
For example, annual live cattle exports from the USA to Great Britain dramatically
increased from 299 to 137,377 between 1875 and 1885, only to quickly decrease with the
improvement of refrigeration and growing concerns over infectious disease,

specifically pleuro-pneumonia (255).
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A remarkable difference was seen between two islands nations with the most bacterial
isolates analysed in this study: New Zealand (n=152) and Japan (n=94). In the
hierarchical set pangenome (Figure 5-6), virulence gene (Figure 5-7), and BEAST2 ST-
21 (Figure 5-12) analyses, New Zealand isolates show monophyletic clades, while
Japanese isolates are paraphyletic with isolates from the USA. This difference may be
explained by the historically large number of live cattle importations into Japan
compared to New Zealand (Figure 5-15). Japan was once a major importer of U.S. live
cattle in the second half of the 20™ century, until the detection of bovine spongiform
encephalopathy (BSE) led to a ban on all live cattle from the USA in 2003, with current
importations coming from Australia (256, 257). Total numbers of cattle in New
Zealand have been consistently twice that of cattle in Japan over the last 55 years (10.2
million cattle in New Zealand in 2016 compared to 3.8 million cattle in Japan). The
relatively large number of imported live cattle in Japan could therefore explain the

different population structure of serogroup 026 E. coli in New Zealand and Japan.

The growing utilization of artificial insemination using cryofrozen semen has allowed
countries to maintain genetically diverse and viable livestock, while selecting for traits
that may benefit production. An added benefit is the decreased disease risks and costs
of transportation of live animals into a country. While intensification of cattle farming
may be associated with increased pathogen transmission and prevalence within herds
and within countries, incursion of pathogens into countries may have decreased. Our
dataset allows minimal interpretation of open border areas such as the European
Union, or countries in the North American Free Trade Agreement (Mexico, Canada,
and the USA), but our results from New Zealand suggest the introduction of serogroup

026 bacterial strains occurred during periods of intensive cattle importation events.

180



STEC in cattle is a commensal bacteria and cattle shed STEC intermittently (182),
therefore testing cattle before transportation is unrealistic. Our TMRCA and
phylogenetic analyses suggest that minimal exchange of strains has occurred between
countries in the 21" century, but continued movement of cattle across international
borders will likely continue to influence the spread and genetic diversity of STEC

around the world.

4.8.20 Study limitations

Limitations of our study included the lack of availability of serogroup O26 E. coli from
other countries for analysis. Notably, more serogroup 026 E. coli isolates from
Australia (n=1 available on public databases) would have allowed for a better
comparison of the effect of importation of cattle into New Zealand, as Australia was
the source of many historical cattle importations (245). Sequence data were more
common from the last several years, and mostly human isolates were available, due to
increased use of whole genome sequencing as an epidemiological tool. However, we
randomly selected our New Zealand isolates from human and bovine isolates spanning
over 30 years from a diverse geographic range in New Zealand, allowing a more

thorough comparison of New Zealand strains against others worldwide.

Our focus on a particular O surface antigen (026) to classify bacterial isolates and
evaluate evolutionary and phylogenetic relationships is consistent with other studies
(253, 254). However, non-STEC and STEC strains of the same serogroup are commonly
of different lineages (88). Epidemiological and public health investigations of STEC are
often focused on the presence of particular serogroups (e.g. the ‘Top 7 STEC: O157,
026, 045, 0103, O111, O121, O145), therefore this approach is relevant for both

international beef trade and outbreak investigations.
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5.6 Conclusion

Our results suggest worldwide dissemination of multiple strains of ST-21 and ST-29
STEC and non-toxigenic serogroup O26 lineages occurred during the 20™ century.
This differentiation may be explained by combinations of genetic factors, which may
give an advantage for survival in the environment or colonization of reservoir animals
in the host population. Close genetic similarities between multiple sources of E. coli
serogroup 026 indicates common transmission pathways between humans, animals,

and food sources.

Whole genome sequencing offers high resolution information on pathogens. While
the rapid sequencing of human clinical isolates is becoming increasingly common,
further sequencing of historical isolates from multiple sources will improve
evolutionary and epidemiological studies; the recent submission of a large number of
human and bovine bacterial isolates from Japan spanning several decades is an
excellent example (254). Full utilization of the genomic information of STEC will
require a coordinated international approach to sequencing, data curation, analysis,
and interpretation of that data (258). While it is difficult to directly attribute
transmission and emergence of STEC strains based on global historical events,
interpreting evolutionary genomic data against a background of historical events can
help determine the drivers of pathogen emergence and dissemination, and inform

future policy.
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Preface to Discussion

The purpose of scientific enquiry is not to compile an inventory
of factual information, nor to build up a totalitarian world
picture of natural Laws in which every event that is not

compulsory is forbidden.

We should think of it rather as a logically articulated structure of

justifiable beliefs about nature.

Induction and Intuition in Scientific Thought, Sir Peter B. Medawar
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6 General discussion and future research
opportunities for Shiga toxin-

producing E. coli (STEC) in New
Zealand

6.1 Introduction

This thesis utilised molecular epidemiology, genomics, microbiology, and statistical
methods to understand the national prevalence of STEC in young calves on New
Zealand dairy farms (Chapter 3), while determining STEC transmission routes for
calves on dairy farms and potential sources of cross contamination of hides and pre-
intervention carcasses at processing plants (Chapter 4). The application of WGS
analyses predicted the time of introduction of STEC O26 into New Zealand and
analysed serogroup 026 E. coli isolates in New Zealand, in comparison to the rest of

the world (Chapter 5).

All research questions (Chapter 1) were effectively addressed in each research chapter.
In Chapter 3, a randomly stratified cross-sectional study detected ‘Top 7' STEC in 20%
of calves (n=1508) on 75% of dairy farms (n=102) evaluated. Each region (n=6)
evaluated varied in the prevalence of each ‘Top 7/ STEC serogroup. WGS analyses
indicated that there was no evidence of farm to farm transmission within regions, and
serogroup 026 had clonal strains that were disseminated between calves on each
farm. Decreasing pen-occupancy rates in calf pens was identified as a feasible and
practical intervention to decrease STEC carriage of calves on dairy farms. Chapter 3

also utilised and evaluated the PCR/MALDI-TOF method, NeoSEEK, and found a very



high specificity and good sensitivity for detection of the “Top 7' STEC serogroups,
when compared to RT-PCR methods. This method was utilised by commercial meat
processors in New Zealand for the confirmation of “Top 7 STEC in veal trim beginning

in the 2016 calving season.

In Chapter 4, a longitudinal study of animals and the dairy farm environment
identified widespread environmental and hide contamination, as well as colonisation
of animals with ‘Top 7 STEC, for all sample sources evaluated in the study (n=17).
WGS analyses indicated that clonal strains of STEC O26 were widely disseminated
through the farm environment and had colonised very young calves. Pen-occupancy
rates were found to significantly increase the risk of “Top 7 STEC contamination of
hides on dairy farms. Sampling of a cohort of bobby calves (n=118), on-farm and at the
processing plant, revealed that transport and lairage were significantly increasing hide
contamination with ‘Top 7/ STEC, and WGS analyses revealed calf hides were being
cross-contaminated with novel strains during transport. Increasing the number of
farms visited by the bobby calf transport truck increased the risk of pre-intervention
carcass contamination, therefore it is likely that the mixing of calves from different
farms during transport leads to cross-contamination of calf hides, which can lead to

contamination of pre-intervention carcasses at the processing plant.

In Chapter 5, WGS analyses of New Zealand serogroup O26 isolates (n=152), along
with bacterial isolates from fourteen other countries (n=252), revealed that New
Zealand has experienced few introductions of the O26 serogroup into New Zealand
compared to other countries. Time of most recent common ancestor analysis

(TMRCA) predicted key periods of introduction in the 20™ and early 21" centuries.
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New Zealand had low prevalence of antibiotic resistance genes detected compared to
other countries, possibly due to lower use of antibiotics for animals in this country.
When compared to another island nation, Japan, which showed paraphyletic clades
with the USA, New Zealand had monophyletic clades of serogroup 026, and this
finding may be due to the low numbers of live cattle importations into New Zealand. A
highly pathogenic STEC O26 ST-29 strain, that has the stx2 gene, is present in Europe

and Japan but has never been detected in New Zealand.

6.2 Potential impact of thesis findings
4.8.21 Market and trade impact

This thesis addressed three key objectives of a MPI and the Strategic Directions Group
(SDG) of the Meat Industry Association (MIA) work programme for STEC: assessment
of practical and cost-efficient laboratory methods for detection and confirmation of
STEC, understanding the epidemiology of STEC in animal populations and impacts on
beef carcasses, and assessment of risk factors and interventions that can be applied at
the farm level and pre-slaughter to reduce beef contamination. This research provided
data that spanned the supply chain gap between determining STEC prevalence on

farm, and regulatory screening of veal performed at processing plants.

This study supports the objectives of New Zealand Foreign Affairs & Trade’s strategies
for NZ Inc.: to strengthen New Zealand’s economic, political, and security
relationships with international partners. STEC are a trade concern, particularly with
the USA, which receives approximately 50% of New Zealand beef exports (14). The
application of directed scientific studies provides evidence that can be used to inform

policy and market access decisions.
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This research also provided data that contributed toward the implementation of the
NeoSEEK assay for STEC confirmation for veal carcasses in New Zealand. Before the
implementation of NeoSEEK, STEC screening and confirmation required two to three
weeks to complete; after implementation, STEC screening and confirmation was
completed in three days. The marked decrease in holding time for potentially

contaminated veal has led to significant cost savings for New Zealand beef processors.

4.8.22 Public health impact

While a previous study had estimated the prevalence of STEC O157 and STEC O26 in
New Zealand by sampling cattle and calves at processing plants (127), this thesis
provided additional knowledge of STEC prevalence: 1) How common is STEC in New
Zealand calves? and 2) How widespread is STEC contamination in the farm
environment? STEC is commonly found on New Zealand dairy farms. From
dissemination of STEC across the dairy farm environment, to approximately 75% farm
level and 20% calf level colonisation of STEC in young dairy calves, STEC is a

widespread coloniser and contaminant.

Understanding the prevalence of STEC on New Zealand dairy farms is directly relevant
for informing decisions for public health interventions. These data can be used to

effectively communicate the risk of STEC transmission, particularly to children, in the
dairy farm environment, and inform future public health interventions to decrease the

incidence of STEC in New Zealand.

6.3 Discussion of potential opportunities for future research
4.8.23 On farm interventions to decrease STEC prevalence

This thesis provided evidence that increasing the number of calves in a shared pen

environment both increased the risk of STEC colonisation in young calves (Chapter
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3), and STEC hide contamination of calves on dairy farms (Chapter 4). These findings
indicate that frequency-dependent transmission is important for STEC in calf pens,
while density-dependent transmission may not have a significant impact. The absolute
number of calves in a shared environment is linked to the biological amplification of

STEC bacteria, as each animal is colonised and sheds the bacteria in its faeces.

Decreasing the number of calves in a shared pen area is a viable intervention that
could be implemented on dairy farms. For instance, 49% of farmers in the national
prevalence study (Chapter 3) already isolate bobby calves in a separate pen from
replacement calves. Asking dairy farmers to limit the number of bobby calves in a pen
is a realistic request, which may have a marked effect on calf level STEC prevalence.
While farmers may have limited pen space, placing a simple barrier inside a bobby calf
shed could help decrease transmission. Ideally, bobby calves would be isolated from
each other in an outdoor calf hutch, which is a method used in the USA to decrease
disease transmission (particularly respiratory disease); this practice may have animal
welfare applications and therefore may not be appropriate in New Zealand. Future
research could investigate the effect of frequency-dependent transmission of STEC for

calves in a controlled-environment or field study.

4.8.24 Improvement of bacterial isolation methods using culture media

The disparity in STEC detection between molecular methods and bacterial isolation
was described in the literature review (Chapter 2) and the national prevalence study
(Chapter 3). Similar to other studies, it was difficult to isolate ‘“Top 7 STEC that were
detected in this study, with the exception of serogroup O157 and O26. A recently
submitted Massey University Master of Science thesis evaluated the metabolic

characteristics of serogroup O145 from New Zealand using both in vitro metabolic
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profiles (Omnilog®, Biolog, Hayward, USA) and WGS (R Collis, Metabolic
characteristics and genomic epidemiology of Escherichia coli serogroup O145).
Approaches such as this may offer improved culture-based detection methods for
analysis and differentiation of non-O157 STEC serogroups that can be coupled with

molecular methods for improved detection and isolation.

However, the differentiation of STEC on agar media based on metabolic
characteristics, in order to differentiate both serogroup and pathogenicity (stx gene
present), may not be possible. Given the acquisition of pathogenic genes can occur
through horizontal transmission, there is little reason to expect that fixed metabolic

traits will be correlated with pathotypes.

Bacterial isolation using agar media is vital for WGS library preparation of individual
bacteria, and valuable for epidemiological source attribution studies. However, this
thesis showed that the use of a culture independent diagnostic test (NeoSEEK) is
valuable for epidemiological studies. Overall, future STEC research can utilise highly
sensitive and specific CIDTs while continuing to collect bacterial isolates for other

elements of epidemiological studies.

4.8.25 Knowledge and public health risk communication of STEC

Public knowledge of STEC is lacking. Ongoing research data from Taranaki, the
second largest dairy region in New Zealand, found that eleven out of twelve families
whose young children were diagnosed with an STEC infection had no prior knowledge
of the disease (J Jarman, Taranaki Health Board, unpub. data). During field sampling

for the national prevalence study (Chapter 3), only two farmers (out of 102
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interviewed) that participated in the study were aware of STEC: one large animal

veterinarian, and one former microbiologist (AS Browne, personal observation).

Efforts to lower the incidence of STEC in New Zealand should focus on educating the
public, particularly families in rural environments, of the risk of STEC infection for
their very young children. Several studies have identified the benefits of handwashing
and hygiene to lower risk of STEC infection in humans (227). Furthermore, this thesis
has reinforced that the calf pen environment, in particular, has a high prevalence of
contamination. It is reasonable to suspect that the biphasic peaks in incidence of STEC
notification in New Zealand are related to the spring calving season, and increased
recreational swimming in the summer (8), meaning avoidance of STEC exposure

during the calving season would decrease the incidence of STEC during this period.

Health awareness campaigns for the general public, or directed more specifically at
dairy farmers and their families, may decrease STEC exposure and decrease the
incidence of STEC in New Zealand (259). These public health communications should
be designed as scientific research studies, to evaluate the effectiveness of the
communication and impact on decreasing the incidence of STEC. Public
communications should focus on 3 talking points: recognizing the clinical signs of
STEC infection in children (bloody diarrhoea, no urine production), avoiding young
children having unsupervised contact with young calves, and the importance of hand-
washing. It was common for dairy farmers to spend time with their children feeding
calves after milking (AS Browne, personal observation during field work over three
Spring calving seasons); it is important for farmers to share time with their children

while having positive experiences with cattle. Public health recommendations should
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avoid absolutist statements (e.g. “Don’t allow children to have any contact with
calves”), and focus instead on communicating the increased risk of unsupervised
contact and the importance of hygiene to prevent infection. Farmers work in
dangerous environments every day, and they are capable of understanding that certain

activities can increase risk.

Efforts to communicate the risk of STEC in farm environments should involve relevant
interest groups like DairyNZ, Rural Women New Zealand, Federated Farmers, Young
Farmers, and the Maori-owned Miraka dairy cooperative. The District Health Boards
and Starship Children’s Hospital are also valuable resources, for both public health
communication and to understand how those who fall ill to STEC perceive their
situation. These groups may be able to communicate issues in a personal way that is
trusted by their audience, in comparison to large government entities that may be

perceived as being overcautious.

Proper feedback following scientific studies is also vital. Every farmer that was
involved in studies described in this thesis (n=102) was contacted by phone to convey
the results of the STEC testing and provided with further advice to avoid STEC
infection. Farmers are incredibly generous and accommodating to participate in
scientific studies without financial or material gain, and it is imperative that

researchers take time to communicate their results back to them in a timely manner.

4.8.26 Raw milk consumption

Although not identified as a risk factor in a prospective case-control study (12), raw

milk consumption has been linked to several STEC outbreaks in New Zealand. For
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instance, consumption of raw milk by children on a school visit to a dairy farm in

Timaru led to five infections, with two children hospitalised (260).

The recent events surrounding two 2016 STEC outbreaks in Whangarei, linked to the
raw milk producer, Wholy Moo, provide an excellent example of the complexity of the
raw milk industry (261). Two outbreaks of STEC O157:H7 occurred in eleven people
(children and adults) who had consumed raw milk from Wholy Moo. The owner, Chris
Lethbridge, stated that he closed his business after compliance costs were expensive
and prohibitive (261). Mr. Lethbridge stated: "We all get sick but just because they
were drinking raw milk means they [raw milk suppliers] get picked on. MPI think they
have proven [a link between the illnesses and his product] but I can't see how they
have" (261). He also was 99.9 percent sure that no E. coli was present in his milk
because, “We can prove that we were grade free in the milk we supplied Fonterra all
this current season” (261). These statements highlight two important factors with
respect to raw milk producers and consumers: 1) any regulation or scientific evidence
of the risk of STEC infection with raw milk consumption is likely to be perceived as
prejudicial or biased, and 2) producers and consumer may perceive themselves more
knowledgeable about infectious disease than they are; simple laboratory testing of
coliform contamination is not indicative of absence of a significant pathogen like
STEC or Campylobacter (e.g. grade free simply indicates the sample was below a

certain CFU/mL threshold).

Despite good hygiene practices on dairy farms, complete prevention of faecal
contamination of raw milk is very unlikely. Although not focused on STEC

contamination of raw milk, this thesis provided evidence of “Top 7' STEC
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contamination in milk filters and colostrum on dairy farms (Chapter 4). Targeted
public outreach should stress the risk of raw milk consumption for very young
children, who are at the biggest risk for severe STEC infection. Similar to previous
comments regarding public health communication, the message may be better suited
to be distributed by special interest groups (e.g. DairyNZ, Rural Women). Cross-
sectional studies to evaluate risk factors for STEC contaminated raw milk sold by dairy
farms may help identify improved farm practices, as well as the prevalence of STEC in

raw milk throughout New Zealand.

4.8.27 Use of whole genome sequencing (WGS) technology

This thesis generated WGS data from a large number of ‘Top 7 STEC isolates from
humans and cattle that were stratified over time in many regions of New Zealand. The
WGS processing of a large number of bacterial isolates led to decreased costs and
increased capability for library preparation at "EpiLab, as well as the implementation
of technology to streamline assembly, annotation, and analysis of genomes. While the
WGS data produced was evaluated from a broad epidemiological viewpoint for this
thesis, these data can be further evaluated for future investigative research, such as
phenotype-genotype association studies. These data have also been entered into the
public record and will be released as manuscripts are published, which will increase

the profile of STEC research in New Zealand for the international science community.

The more recent development and emergence of nanopore technology, such as the
Oxford Nanopore MinlON genome sequencing instrument, shows great promise in
the future of whole genome sequencing. Specific benefits include portability, such as
its field use in 2015 during the Ebola outbreak in Guinea (262), and its ability to

produce long read length, up to the point of creating an accurate and complete
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bacterial genome de novo (263). "EpiLab recently acquired this technology, and the
Massey Genome Service also has personal expertise in the use of MinlON. As WGS
becomes less expensive and, this technology may be used for field investigations, such

as STEC outbreak investigations, as well as applied research.

Overall, it is vital that research that utilises WGS is hypothesis driven, and not simply
descriptive. This thesis approached WGS data with specific research questions
(Chapter 1), which led to specific discoveries regarding STEC and non-toxigenic

variants of O26 in New Zealand.

4.8.28 Waterway contamination

The New Zealand dairy and beef industries have been under scrutiny for the impact of
cattle faecal contamination in natural waterways (264). Recreational swimming was
also previously recognized as a risk factor for human STEC infection in New Zealand
(12). Further studies linking water sources to STEC infections in people are needed to
identify high risk areas that can be targeted for interventions. Clinicians at the
Starship Children’s Hospital Paediatric Nephrology service in Auckland identified high
rain events and potential private bore contamination as a significant cause of HUS in
hospitalised children (W Wong, personal communication). Significant rain events can
lead to faecal contamination of rivers, as well as private bores, and increased scrutiny
of water sources during these times may help decrease the risk of STEC transmission.
For instance, heavy rains were linked to the 2016 Havelock North Campylobacter
outbreak, which caused 5,500 people to become ill with campylobacteriosis due to a
contaminated water bore (265). The One Health Aotearoa initiative
(https://onehealth.org.nz/about-us/), a collaboration between academic, industry, and

government partners, is approaching infectious disease from an animal, human, and
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environmental perspective; this One Health approach would be beneficial for

addressing STEC contamination of water sources.

6.4 Conclusion

This research benefited from synergistic cooperation between academic, government,
and industry partners in order to attain common goals. Aspects of the thesis, from
direct communication with government and industry stakeholders, to access to meat
processing facilities, to cutting edge genomic analytic approaches, would not have
been possible without the cooperative efforts of government, academic, and industry
partners. Opening communication pathways by visiting and discussing STEC with the
Taranaki Health Board and clinicians at the Starship Children’s Hospital are good
examples of broadening academic research to effectively communicate results and
begin to influence policy to decrease the incidence of STEC in New Zealand.
Hopefully, the successful completion of this thesis to answer industry-driven research

questions will encourage future research collaborations.

This thesis has provided novel data and interpretation for the prevalence and
transmission of the ‘Top 7' STEC of dairy calves in New Zealand on a farm and national
level, while applying genomic analyses to interpret New Zealand STEC on an
international level. Future STEC research in New Zealand should incorporate
molecular epidemiology, genomics, statistical modelling, sociology, and market
analysis to decrease the incidence of STEC in the New Zealand human population and

safeguard the trade of New Zealand beef around the world.
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8 Appendix

Appendix Table 1: Sensitivity of NeoSEEK and reverse transcriptase PCR assays for

detection of Top 7 STEC serogroups in calf faecal enrichment samples (n=1,508)

Sensitivity RT-PCR Sensitivity NeoSEEK
Serogroup Mean 95% credible Mean 95% credible
interval interval
0103 0.95 0.91-0.97 0.93 0.88-0.97
0145 0.89 0.81-0.96 0.92 0.85-0.97
0157 0.93 0.87-0.98 0.79 0.69-0.90
0121 0.91 0.84-0.97 0.87 0.77-0.95
026 0.91 0.84-0.97 0.92 0.85-0.97
045 0.93 0.87-0.98 0.93 0.87-0.97
o111 0.89 0.77-0.96 0.89 0.89-0.96

Appendix Table 2: Specificity of NeoSEEK and reverse transcriptase PCR assays for detection of

Top 7 STEC serogroups in calf faecal enrichment samples (n=1,508)

Specificity RT-PCR Specificity NeoSEEK
Serogroup Mean 95% Cl Mean 95% Cl
0103 0.93 0.89-0.97 0.95 0.93-0.98
0145 0.98 0.97-0.99 0.96 0.94-0.98
0157 0.96 0.94-0.99 0.98 0.97-0.99
0121 0.96 0.94-0.98 0.96 0.95-0.98
026 0.94 0.91-0.97 0.93 0.90-0.96
045 0.95 0.93-0.97 0.93 0.91-0.96
o111 1.00 0.99-1.00 1.00 0.99-1.00
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Appendix Table 3: Location, animal, pen, and farm management factors evaluated against outcome variables of the Top 7 STEC prevalence in

points

dairy calves
Risk Factor Variable Type Notes Source of measurement
Level
Location Region Categorical | 6 regions
Elevation Continuous | Meters GPS device
Humidity Continuous | Measured in open space no less than 5 meters Thermo-Hygrometer
from Pen
Temperature Continuous | Measured in open space no less than 5 meters Thermo-Hygrometer
from Pen
Animal Age Binary Young (2 to 9 days); Old (10 to 21 days)
Sex Binary Male, Female
Breed Categorical
Class Categorical | Bobby, Beef, Replacement
FaecalScore Ordinal Coverage of hide with faecal matter or mud: 1 Visual assessment of
(0-25%), 2 (25-50%), 3 (50-75%), 4 (75-100%) faecal contamination on
hide
Calf Pen PenAnimalCount Continuous | Number of calves in pen
PenOrientation Categorical | Primary direction that pen faced; 8 cardinal GPS device
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PenHumidity Continuous | Recorded in centre of pen Thermo-hygrometer
PenTemperature Continuous | Recorded in centre of pen Thermo-hygrometer
PenType Categorical | Open, closed, or conversion

Floor Categorical | Flooring beneath substrate

Substrate Categorical | Type of substrate used as bedding for calves

SubstrateCleaned Binary Whether substrate was cleaned during the

calving season

SubstrateCleanedFreq Continuous | How often pen substrate was cleaned
SubstrateTopped Binary Was new pen substrate added during the
season
SubstrateToppedFreq Continuous | How often new substrate was added
SubstrateSprayed Binary Was the pen sprayed with disinfectant during
the season
SubstrateSprayedFreq Continuous | How often pen was sprayed
PenFecalContamination Ordinal 4 Groups: 0-25%, 25-50%, 50-75%, 75-100% Visual assessment of
faecal matter on pen floor
PenAmmonia Binary Irritation of mucous membranes (nasal passage,

eyes) to sampler (ASB)

TemplnsideOutside

Continuous

Temperature inside pen minus temperature
outside the calf housing area (~10 meters from

the building)

230




HumiditylnsideOutside

Continuous

Humidity inside pen minus humidity outside calf

housing area (~10 meters from the building)

Farm MilkingHerdSize Continuous | Number of cows in milking herd
Management
SpringCalvingSize Continuous | Number of cows in spring calving herd
DairyOnly Binary Only dairy cattle raised
BeefDairy Binary Beef and dairy cattle raised
MeatCompany Categorical | Meat company used for veal calf processing
Pigs Binary Presence of pigs on farm
Deer Binary Presence of deer on farm
Sheep Binary Presence of sheep on farm
Goats Binary Presence of goats on farm
Horses Binary Presence of horses on farm
CalvesOtherFarms Binary Importation of calves from other farms in past
two calving seasons
CowsOtherFarms Binary Importation of cows from other farms in the past
two calving seasons
CalvingDateSpring Date Planned start of winter calving
CalvingDateAutumn Date Planned start of autumn calving (if applicable)

DaysSinceStartofCalving

Continuous

Days from start of calving to day of sampling for

study

YearRoundCalving

Binary

Unseasonal calving management
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VectorFlies Binary Flies observed in Pens while sampling

VectorBirdDroppings Binary Bird droppings observed on surfaces in Pens
while sampling

VectorBirdNests Binary Bird nests observed in Pens while sampling

VectorsRodenticide Binary Farmer asked if they use rodenticide to control
rodents

BobbysPresent Binary Young veal calves in Pen while sampling

ReplacementsPresent Binary Young replacement calves in Pen while sampling

BeefPresent Binary Young beef calves in Pen while sampling

Bobbyslsolated Binary Young veal calves not mixed with other classes
(replacement/beef)

Replacementslsolated Binary Replacement calves isolated from other calves

Beeflsolated Binary Beef calves isolate from other calves

BobbysMixedReplacements | Binary Young veal calves and replacements mixed
together

BobbysMixedBeef Binary Young veal calves and beef calves mixed
together

ReplacementsMixedBobbys | Binary Replacement calves and young veal calves
mixed together

ReplacementsMixedBeef Binary Replacement calves and beef calves mixed

together
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BeefMixedReplacements Binary Beef calves and replacement calved mixed
together

BeefMixedBobbys Binary Beef calves and young veal calves mixed
together

BobbyDaysExport Continuous | Age of young veal calves when exported for veal

meat processing

ReplacementsDaysPastured

Continuous

Days replacement calves kept in Pens before

putting out to pasture

BeefDaysPastured Continuous | Days beef calves kept in Pens before putting out
to pasture

BeefDaysExport Continuous | Age of beef calves when exported

AdultsWeanlingsMixedCalves | Binary Do adult cattle or weaned calves have any
contact with calves

DamBirthing Categorical | Location where Dams give birth to calves

DaysCalvesWithDam Continuous | Days before calves removed from dams

Colostrum Binary Directly from dam or mixed colostrum

ColostrumMethod Categorical | Orogastric tube or suckled from dam

MilkFresh Binary Fresh milk given to calves

MilkPowder Binary Powdered milk given to calves

MilkWaste Binary Antibiotic milk given to calves

MilkColostrum Binary Colostrum fed to calves

MilkContainer Categorical | Teat bucket or Open bucket for feeding
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MilkFrequency Categorical | How many times calves fed a day

AdlibWater Binary Water available for all calves in Pens

ConcentrateMeal Binary Feed concentrates provided to calves

ConcentrateHayStraw Binary Hay or straw provided to calves

ConcentrateClay Binary Clay additive provided to calves to prevent
scours

ConcentrateOther Categorical | Variety of other supplements used by farmers

for calves

ConcentrateStartFeedDay

Continuous

Day farmer started giving calves concentrates

ConcentratesBobby Binary Young veal calves received concentrate feed

WaterSource Categorical | Source of water on farm

EffluentMethod Categorical | Spread on farmer’s pasture or shipped out

EffluentFrequency Continuous | How often effluent spread on pastures

Grazier Binary Farmer ships out replacement calves to grazier,
and then brings back once they grow to heifers

FeedPadHerdHome Binary Use of feed pad or herd home for adult cattle
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Appendix Table 4: Detection of ‘Top 7’ STEC in calves (n=1508) on farms (n=102) by number of “Top 7'

STEC serogroups detected

Calves with one Calves with two Calves with three
Calves with no 'Top
Farm ID ‘Top 7' STEC ‘Top 7' STEC ‘Top 7' STEC
7' STEC detected
detected detected detected
VCF1 15
VCF2 15
VCF3 14 1
VCF4 10 4 1
VCF5 13 2
VCFé6 12 3
VCF7 13 2
VCF8 14 1
VCF9 14 1
VCF10 15
VCF11 13 2
VCF12 15
VCF13 13 2
VCF14 14 1
VCF15 9 5 1
VCF16 4 10 1
VCF17 12 3
VCF18 8 4 3
VCF19 12 2 1
VCF20 1 9 4 1
VCF21 3 7 5
VCF22 11 2 1 1
VCF23 15
VCF24 15
VCF25 15

235



VCF26 10 3
VCF27 3 10
VCF28 13 1
VCF29 14 1
VCF30 14 1
VCF31 9 6
VCF32 8 3
VCF33 15

VCF34 11 3
VCF35 9 3
VCF36 13 2
VCF37 8 2
VCF38 13 2
VCF39 12 3
VCF40 15

VCF41 15

VCF42 14 1
VCF43 10 1
VCF44 15

VCF45 15

VCF46 15

VCF47 11 3
VCF48 12 3
VCF49 15

VCF50 15

VCF51 13 2
VCF52 14

VCF53 14 1
VCF54 13 2
VCF55 13 2
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VCF56 5 5
VCF57 8 2
VCF58 10 4
VCF59 9 4
VCF60 15

VCF61 14 1
VCF62 15

VCF63 9 4
VCF64 5 4
VCF65 14 1
VCF66 15

VCF67 8

VCF68 14 1
VCF69 13 2
VCF70 15

VCF71 7 8
VCF72 11 4
VCF73 15

VCF74 15

VCF75 13 2
VCF76 11 2
VCF77 11 3
VCF78 15

VCF79 15

VCF80 11 2
VCF81 9 6
VCF82 14 1
VCF83 14 1
VCF84 12 3
VCF85 11 4
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VCF86 6

VCF87 11 4

VCF88 13 2

VCF89 9 3 2 1
VCF90 13 1 1

VCF91 13 1 1
VCF92 15

VCF93 7 6 2

VCF94 12 3

VCF95 11 2 2

VCF96 8 4 3

VCF97 13 2

VCF98 14 1

VCF99 11 4
VCF100 7 7 1
VCF101 12 3
VCF102 11 4

Totals 1202 217 76 13
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Appendix Table 5: BioProject PRINA396667 metadata, publicly available on the NCBI SRA archive

BioSample sample_ collection_ Isolation

accession name date geo_loc_name source lat_lon genotype  host host_age  host host_disease  serotype
36.858S Homo

SAMNO07430747 15ER0857 27-Feb-15 New Zealand: Auckland human 17476 E 026:HI1  sapiens STEC 026:H11
36.858S Homo

SAMNO07430748 15ER2837 28-Aug-15 New Zealand: Auckland human 17476 E 026:HI1  sapiens STEC 026:H11
36.85S Homo

SAMNO07430749 15ER4241 7-Dec-15  New Zealand: Auckland human 17476 E 026:HI1  sapiens STEC 026:H11
36.858S Homo

SAMNO07430750 16ER0672 8-Jul-05 New Zealand: Auckland human 17476 E 026:HI11  sapiens STEC 026:H11
36.85S Homo

SAMNO07430751 16ER1432 9-Apr-16  New Zealand: Auckland human 17476 E 026:HI1  sapiens STEC 026:H11
36.858S Homo

SAMNO07430752 ERL093655 31-Oct-09  New Zealand: Auckland human 17476 E 026:HI11  sapiens STEC 026:H11
36.85S Homo

SAMNO07430753 HI3ESR01843 20-Mar-13  New Zealand: Auckland human 17476 E 026:HI1  sapiens STEC 026:H11
43758 Homo

SAMNO07430754 15ER3334 26-Sep-15  New Zealand: Canterbury ~ human 171.16 E 026:H11  sapiens STEC 026:H11
43758 Bos taurus

SAMNO07430755 Alda 17-Aug-09 New Zealand: Canterbury  bovine 171.16 E 026:H11 taurus Calf Al4 Reservoir 026:H11
43758 Bos taurus

SAMNO07430756 Al7a 17-Aug-09 New Zealand: Canterbury  bovine 171.16 E 026:H11  taurus Calf Al17 Reservoir 026:H11
43758 Bos taurus

SAMNO07430757 al85c 19-Jan-11  New Zealand: Canterbury ~ bovine 171.16 E 026:H11 taurus Cow al85 Reservoir 026:H11
43758 Bos taurus

SAMNO07430758 a234d 15-Jun-11  New Zealand: Canterbury ~ bovine 171.16 E 026:H11  taurus Cow a234 Reservoir 026:H11
43758 Bos taurus

SAMNO07430759 Ad6a 30-Jul-10 New Zealand: Canterbury  bovine 171.16 E 026:H11  taurus Calf A46 Reservoir 026:H11
43758 Bos taurus

SAMNO07430760 A65a 16-Aug-10  New Zealand: Canterbury ~ bovine 171.16 E 026:H11  taurus Calf A65 Reservoir 026:H11
43758 Bos taurus

SAMNO07430761 A65b 16-Aug-10  New Zealand: Canterbury ~ bovine 171.16 E 026:H11 taurus Calf A65 Reservoir 026:H11
43758 Bos taurus

SAMNO07430762 A87b 6-Sep-10  New Zealand: Canterbury ~ bovine 171.16 E 026:H11 taurus Calf A87 Reservoir 026:H11
43758 Homo

SAMNO07430763 ERL111686 6-May-11  New Zealand: Canterbury ~ human 171.16 E 026:H11  sapiens STEC 026:H11
43758 Bos taurus

SAMNO07430764 VC1139e 11-Sep-14  New Zealand: Canterbury ~ bovine 171.16 E 026:H11 taurus Calf VC1139 Reservoir 026:H11
43758 Bos taurus

SAMNO07430765 VC1140e 11-Sep-14  New Zealand: Canterbury ~ bovine 171.16 E 026:H11  taurus Calf VC1140 Reservoir 026:H11
43758 Bos taurus

SAMNO07430766 VC1186e 15-Sep-14  New Zealand: Canterbury ~ bovine 171.16 E 026:H11 taurus Calf VC1186  Reservoir 026:H11
43758 Bos taurus

SAMNO07430767 VC1187e 15-Sep-14  New Zealand: Canterbury ~ bovine 171.16 E 026:H11  taurus Calf VC1187 Reservoir 026:H11
43758 Bos taurus

SAMNO07430768 VC1190e 15-Sep-14  New Zealand: Canterbury ~ bovine 171.16 E 026:H11  taurus Calf VC1190 Reservoir 026:H11
43758 Bos taurus

SAMNO07430769 VC1195e 15-Sep-14  New Zealand: Canterbury ~ bovine 171.16 E 026:H11  taurus Calf VC1195 Reservoir 026:H11
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SAMNO07430770

SAMNO07430771

SAMNO07430772

SAMNO07430773

SAMNO07430774

SAMNO07430775

SAMNO07430776

SAMNO7430777

SAMNO07430778

SAMNO07430779

SAMNO07430780

SAMNO07430781

SAMNO07430782

SAMNO07430783

SAMNO07430784

SAMNO07430785

SAMNO07430786

SAMNO07430787

SAMNO07430788

SAMNO07430789

SAMNO07430790

SAMNO07430791

SAMNO07430792

SAMNO07430793

SAMNO07430794

VC1196e
VC1202e
VC1309¢
VC1310e
VCI311e
15ER0512
15ER2552
16ER0520
16ER1646
129ST2
22ST2
AGR373
AGR72
VC833e
VC833f
VC833g
VC833h
VC836e
VC837e
14ER3837
15ER0146
15ER3567
16ER0248
16ER1973

ERLO71565

15-Sep-14
15-Sep-14
17-Sep-14
17-Sep-14
17-Sep-14
3-Feb-15
12-Aug-15
4-Feb-16
30-Apr-16
5-Sep-08
19-Aug-08
12-Dec-02
21-Nov-02
27-Aug-14
27-Aug-14
27-Aug-14
27-Aug-14
27-Aug-14
27-Aug-14
13-Nov-14
7-Jan-15
13-Oct-15
13-Jan-16
26-May-16

10-May-07

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:
New Zealand:

Auckland

New Zealand:

Auckland

New Zealand:

Auckland

New Zealand:

Auckland

New Zealand:

Wellington

New Zealand:

Wellington

New Zealand:

Wellington

New Zealand:

Wellington

New Zealand:

Wellington

New Zealand:

Wellington

New Zealand:

Wellington

New Zealand:

Wellington

New Zealand:

Wellington

New Zealand:

Wellington

New Zealand:

Marlborough

New Zealand:

Marlborough

New Zealand:

Marlborough

New Zealand:

Marlborough

New Zealand:

Marlborough

New Zealand:

Marlborough

Canterbury
Canterbury
Canterbury
Canterbury

Canterbury
Combined

Combined
Combined
Combined
Manawatu-
Manawatu-
Manawatu-
Manawatu-
Manawatu-
Manawatu-
Manawatu-
Manawatu-
Manawatu-
Manawatu-
Nelson
Nelson
Nelson
Nelson
Nelson

Nelson

bovine

bovine

bovine

bovine

bovine

human

human

human

human

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

human

human

human

human

human

human
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43758
171.16 E
43758
171.16 E
43758
171.16 E
43758
171.16 E
43758
171.16 E
36.858S
17476 E
36.85S
17476 E
36.858S
17476 E
36.85S
17476 E
39.73 S
17544 E
39.73 S
17544 E
39.73 S
17544 E
39.73 S
17544 E
39.73 S
17544 E
39.73 S
17544 E
39.73 S
17544 E
39.73 S
17544 E
39.73 S
17544 E
39.73 S
17544 E
41.578S
17342 E
41.578S
17342 E
41.578S
17342 E
41.578S
17342 E
41.578S
17342 E
41.578S
17342 E

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

VCI1196

VC1202

VC1309

VCI1310

VCI1311

129ST

22ST

V(833

V(833

V(833

V(833

VC836

VC837

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

STEC

STEC

STEC

STEC

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

STEC

STEC

STEC

STEC

STEC

STEC

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11



SAMNO07430795

SAMNO07430796

SAMNO07430797

SAMNO07430798

SAMNO07430799

SAMNO07430800

SAMNO07430801

SAMNO07430802

SAMNO07430803

SAMNO07430804

SAMNO07430805

SAMNO07430806

SAMNO07430807

SAMNO07430808

SAMNO07430809

SAMNO07430810

SAMNO07430811

SAMNO07430812

SAMNO07430813

SAMNO07430814

SAMNO07430815

SAMNO07430816

SAMNO07430817

SAMNO07430818

SAMNO07430819

16ER0243
16ER1209
ERL121992
H108a
H113a
16ER0946
TI11i
t126¢
t128a
t173a
t25a

t25¢

T27a
T48b
T66¢
VC1362e
VC1366e
VC1367e
VC1394e
VC1395e
VC1395f
VC1395g
VC1396e
VC1403e

VCl471e

14-Jan-16
23-Mar-16
20-Feb-12
21-Aug-09
21-Aug-09
4-Mar-16
1-Sep-09
21-Sep-10
21-Dec-10
20-Apr-11
17-Dec-09
17-Dec-09
14-Sep-09
17-Aug-10
17-Aug-10
22-Sep-14
22-Sep-14
22-Sep-14
23-Sep-14
23-Sep-14
23-Sep-14
23-Sep-14
23-Sep-14
23-Sep-14

24-Sep-14

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

Northland

Northland

Northland

Northland

Northland

Southland

Southland

Southland

Southland

Southland

Southland

Southland

Southland

Southland

Southland

Southland

Southland

Southland

Southland

Southland

Southland

Southland

Southland

Southland

Southland

human

human

human

bovine

bovine

human

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine
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35588
173.76 E
35588
173.76 E
35588
173.76 E
35588
173.76 E
35588
173.76 E
45858
167.68 E
45858
167.68 E
45858
167.68 E
45858
167.68 E
45858
167.68 E
45858
167.68 E
45858
167.68 E
45858
167.68 E
45858
167.68 E
45858
167.68 E
45858
167.68 E
45858
167.68 E
45858
167.68 E
45858
167.68 E
45858
167.68 E
45858
167.68 E
45858
167.68 E
45858
167.68 E
45858
167.68 E
45858
167.68 E

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

Homo
sapiens
Homo
sapiens
Homo
sapiens
Bos taurus
taurus

Bos taurus
taurus
Homo
sapiens
Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Calf

Calf

Calf

Cow

Cow

Cow

Cow

Cow

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

H108

H113

T11

t126

t128

t173

25

25

T27

T48

T66

VC1362

VC1366

VC1367

VC139%4

VCI1395

VCI1395

VCI1395

VC1396

VC1403

VCl1471

STEC

STEC

STEC

Reservoir

Reservoir

STEC

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11



SAMNO07430820

SAMNO07430821

SAMNO07430822

SAMNO07430823

SAMNO07430824

SAMNO07430825

SAMNO07430826

SAMNO07430827

SAMNO07430828

SAMNO07430829

SAMNO07430830

SAMNO07430831

SAMNO07430832

SAMNO07430833

SAMNO07430834

SAMNO07430835

SAMNO07430836

SAMNO07430837

SAMNO07430838

SAMNO07430839

SAMNO07430840

SAMNO07430841

SAMNO07430842

SAMNO07430843

SAMNO07430844

VC1471f
VCl1471g
VCl1471h
VC1473e
VCl1474e
VC1486e
100ST2
11ST
191ST2
66ST1
El3c
el71b
el7lc
el86a
E189b
el195b
e26a
e37c
E46a
E59b
VC1113e
VCI1122f
VC1125e
VC880e

VC932f

24-Sep-14
24-Sep-14
24-Sep-14
24-Sep-14
24-Sep-14
24-Sep-14
1-Sep-08
19-Aug-08
18-Sep-08
27-Aug-08
29-Jul-09
22-Feb-11
22-Feb-11
22-Mar-11
13-Sep-10
18-Apr-11
22-Dec-09
18-Jan-10
25-Aug-09
7-Sep-09
4-Sep-14
4-Sep-14
4-Sep-14
1-Sep-14

1-Sep-14

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

Southland

Southland

Southland

Southland

Southland

Southland

Taranaki

Taranaki

Taranaki

Taranaki

Taranaki

Taranaki

Taranaki

Taranaki

Taranaki

Taranaki

Taranaki

Taranaki

Taranaki

Taranaki

Taranaki

Taranaki

Taranaki

Taranaki

Taranaki

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine
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45858
167.68 E
45858
167.68 E
45858
167.68 E
45858
167.68 E
45858
167.68 E
45858
167.68 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Cow

Cow

Cow

Calf

Cow

Cow

Cow

Calf

Calf

Calf

Calf

Calf

Calf

Calf

VCl1471

VCl1471

VCl1471

VC1473

VCl1474

VC1486

100ST

118

191ST

66ST

E13

el71

el71

el86

E189

el9s

e26

e37

E46

E59

VCI1113

VC1122

VCI1125

VC880

V(C932

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11



SAMNO07430845

SAMNO07430846

SAMNO07430847

SAMNO07430848

SAMNO07430849

SAMNO07430850

SAMNO07430851

SAMNO07430852

SAMNO07430853

SAMNO07430854

SAMNO07430855

SAMNO07430856

SAMNO07430857

SAMNO07430858

SAMNO07430859

SAMNO07430860

SAMNO07430861

SAMNO07430862

SAMNO07430863

SAMNO07430864

SAMNO07430865

SAMNO07430866

SAMNO07430867

SAMNO07430868

SAMNO07430869

VC936e
VC940e
VC943e
VC943f
VC943g
VC943h
VC946e
VC95le
VC955e
ER005420
ER854674
ER985544
ERL023841
14ER2056
14ER2240
16ER1892
16ER2139
H132a
h148a
h148b
h199a
h199¢
H31c
Hidel4d

ND29

1-Sep-14
1-Sep-14
2-Sep-14
2-Sep-14
2-Sep-14
2-Sep-14
2-Sep-14
2-Sep-14
2-Sep-14
22-Jun-05
7-Jun-05
20-Jun-05
24-Jun-05
12-Jul-14
31-Jul-14
20-May-16
18-Jun-16
21-Aug-09
21-Feb-11
21-Feb-11
14-Jun-11
14-Jun-11
28-Jul-09
10-Aug-10

6-Nov-09

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

Taranaki

Taranaki

Taranaki

Taranaki

Taranaki

Taranaki

Taranaki

Taranaki

Taranaki

Unknown

Unknown

Unknown

Unknown

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

human

human

human

human

human

human

human

human

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine
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39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39358
17444 E
39.28 S
175.57E
39.28 S
175.57E
39.28 S
175.57E
39.28 S
175.57E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Bos taurus
taurus

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Cow

Cow

Cow

Cow

Calf

Calf

Calf

VC936

VC940

V(943

V(943

V(943

VC943

VC946

VCI51

V(955

H132

h148

h148

h199

h199

H31

Hidel4

ND2

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

STEC

STEC

STEC

STEC

STEC

STEC

STEC

STEC

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11



SAMNO07430870

SAMNO07430871

SAMNO07430872

SAMNO07430873

SAMNO07430874

SAMNO07430875

SAMNO07430876

SAMNO07430877

SAMNO07430878

SAMNO07430879

SAMNO07430880

SAMNO07430881

SAMNO07430882

SAMNO07430883

SAMNO07430884

SAMNO07430885

SAMNO07430886

SAMNO07430887

SAMNO07430888

SAMNO07430889

SAMNO07430890

SAMNO07430891

SAMNO07430892

SAMNO07430893

SAMNO07430894

ND3
ND35
ND62
Prel5a
Pre4d
VC396e
VC397e
VC40le
VC452e
VC456e
VC459e
VC473e
VC474e
VC474f
VC474g
VC474h
VC476e
VC477e
VC479%e
VC545e
VC547e
VC550e
VC554e
VC555e

VL0828h

21-Oct-09
12-Nov-09
24-Nov-09

26-Jul-10

3-Aug-10
12-Aug-14
12-Aug-14
12-Aug-14
13-Aug-14
13-Aug-14
13-Aug-14
13-Aug-14
13-Aug-14
13-Aug-14
13-Aug-14
13-Aug-14
13-Aug-14
13-Aug-14
13-Aug-14
18-Aug-14
18-Aug-14
18-Aug-14
18-Aug-14
18-Aug-14

20-Aug-15

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

New Zealand:

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

Waikato

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine

bovine
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38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E
38.06 S
17544 E

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus
Bos taurus
taurus

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

Calf

ND

ND3

ND6

Prel5

Pre4

VC396

VC397

VC401

VC452

VC456

VC459

VC473

VC474

VC474

VC474

VC474

VC476

VC477

VC479

VC545

VC547

VC550

VC554

V(555

VL0828

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

Reservoir

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11



38.06 S Bos taurus

SAMNO07430895 VL0958f 1-Sep-15  New Zealand: Waikato bovine 17544 E 026:H11 taurus Calf VL0958  Reservoir 026:H11
38.06 S Bos taurus

SAMNO07430896 VL1058¢g 7-Sep-15  New Zealand: Waikato bovine 17544 E 026:H11  taurus Calf VL1058  Reservoir 026:H11
38.06 S Bos taurus

SAMNO07430897 VL1277e 12-Jul-16  New Zealand: Waikato bovine 17544 E 026:H11  taurus Calf VL1277  Reservoir 026:H11
38.06 S Bos taurus

SAMNO07430898 VL2020e 9-Aug-16  New Zealand: Waikato bovine 17544 E 026:H11  taurus Calf VL2020 Reservoir 026:H11
38.06 S Bos taurus

SAMNO07430899 VL2228e 29-Aug-16  New Zealand: Waikato bovine 17544 E 026:H11  taurus Calf VL2228  Reservoir 026:H11
36.858S Homo

SAMNO07430900 15ER3804 1-Nov-15  New Zealand: Auckland human 17476 E 026:H11  sapiens STEC 026:H11

245



Appendix Table 6: Bioproject, BioSample, SRA run number, country, source, and unique identifier
for all public sequence data used in this study (n=252)

BioProject BioSample SRA Run country source current_study_ID
PRIJNA230969 SAMNO05607363 SRR5330941 Australia human MOD1EC1684_Australia_human
PRJDB5571 SAMDO00075768 DRR103425 Belgium bovine 357S89_Belgium_bovine
PRJDB5571 SAMDO00075735 DRR103392 Belgium human EHO031_Belgium_human
PRJDB5571 SAMD00075761 DRR103418 Belgium bovine 631KH91_Belgium_bovine
PRJDB5571 SAMDO00075766 DRR103423 Belgium human EH182_Belgium_human
PRJDB5571 SAMDO00075767 DRR103424 Belgium human EH193_Belgium_human
PRJDB5571 SAMDO00075736 DRR103393 Belgium human EH322_Belgium_human
PRJDB5571 SAMDO00075764 DRR103421 Belgium bovine B44_Belgium_bovine
PRJDB5571 SAMDO00075763 DRR103420 Belgium bovine B43_Belgium_bovine
PRJDB5571 SAMD00075771 DRR103428 Belgium bovine 11KH263_Belgium_bovine
PRJDB5571 SAMDO00075769 DRR103426 Belgium bovine 11KH63_Belgium_bovine
PRJDB5571 SAMDO00075770 DRR103427 Belgium bovine 11KH245_Belgium_bovine
PRJDB5571 SAMDO00075971 DRR103628 Belgium human EH2035_Belgium_human
PRJDB5571 SAMDO00075976 DRR103633 Belgium human EH2083_Belgium_human
PRJDB5571 SAMDO00075975 DRR103632 Belgium human EH2075_Belgium_human
PRJDB5571 SAMDO00075974 DRR103631 Belgium human EH2068_Belgium_human
PRJDB5571 SAMDO00075772 DRR103429 Belgium bovine 12KH23_Belgium_bovine
PRJDB5571 SAMDO00075981 DRR103638 Belgium human EH2208_Belgium_human
PRJDB5571 SAMDO00075984 DRR103641 Belgium human EH2244_Belgium_human
PRJDB5571 SAMDO00075983 DRR103640 Belgium human EH2219_Belgium_human
PRJDB5571 SAMDO00075982 DRR103639 Belgium human EH2209_Belgium_human
PRJDB5571 SAMDO00075988 DRR103645 Belgium human EH2258_Belgium_human
PRJDB5571 SAMDO00075986 DRR103643 Belgium human EH2252_Belgium_human
PRJDB5571 SAMDO00075987 DRR103644 Belgium human EH2257_Belgium_human
PRJDB5571 SAMDO00075985 DRR103642 Belgium human EH2251_Belgium_human
PRIJNA319494 SAMNO05504941* SRR6154941 Canada bovine OLC0637_Canada_bovine
PRJNA309770 SAMNO04420181* SRR6061322 Germany human 126814_Germany_human
PRIJNA301341 SAMNO04254589 SRR3110022 Canada human EC120246_Canada_human
PRJEB10700 SAMEA3529294 ERR1010233 Denmark human AA044_Denmark_human
PRJDB5571 SAMDO00075758 DRR103415 France human 99109_France_human
PRJDB5571 SAMDO00075757 DRR103414 France human 02113_France_human
PRJDB5571 SAMDO00075759 DRR103416 France human 03139_France_human
PRIJNA230969 SAMNO05605330 SRR5330864 Germany human MOD1EC2814_Germany_human
PRIJNA230969 SAMNO05607379 SRR5330926 Germany human MOD1EC1664_Germany_human
PRJDB5571 SAMDO00075765 DRR103422 Italy bovine ED8O0_ltaly_bovine
PRJNA230969 SAMNO06555271 SRR5336246 Mexico food MOD1EC5336_Mexico_food
PRJEB23743 SAMEA104413463 ERR2210764 Poland human 10016_Poland_human
PRJDB5571 SAMDO00075756 DRR103413 Switzerland human TC6167_Switzerland_human
PRJDB5571 SAMDO00075762 DRR103419 UK human H19_UK_human
PRINA419720 SAMNO08095914 SRR6321366 UK human 2M8BS8_UK_human
PRINA419720 SAMNO08095913 SRR6321365 UK human I20VK7_UK_human
PRINA419720 SAMNO08095930 SRR6321271 UK human KLAV92_UK_human
PRINA419720 SAMNO08095938 SRR6321331 UK human HKCVSH_UK_human
PRJEB4681 SAMEA2204500 ERR435109 UK human ECO0283_UK_humansepsis
PRINA315192 SAMNO06030740 SRR5031110 UK bovine 211644 _UK_bovine
PRJDB5571 SAMDO00075752 DRR103409 USA human TC6165_USA_human
PRJDB5571 SAMDO00075754 DRR103411 USA bovine TC6169_USA_bovine
PRJDB5571 SAMDO00075747 DRR103404 USA bovine TC3486_USA_bovine
PRJDB5571 SAMD00075748 DRR103405 USA bovine TC3630_USA_bovine
PRJDB5571 SAMDO00075749 DRR103406 USA bovine TC3656_USA_bovine
PRJDB5571 SAMD00075751 DRR103408 USA bovine TC4219_USA_bovine
PRJDB5571 SAMDO00075753 DRR103410 USA human TC6168_USA_human
PRIJNA218110 SAMNO04498710 SRR3178054 USA human 2009C3689_USA_human
PRIJNA218110 SAMNO04498712 SRR3178056 USA human 2009C3996_USA_human
PRIJNA218110 SAMNO04633589 SRR3371771 USA human 2009C4747_USA_human
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PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA230969
PRINA230969
PRINA230969
PRINA230969
PRINA268206
PRINA268206
PRINA268206
PRINA268206
PRINA268206
PRINA268206
PRINA268206
PRINA268206
PRINA218110
PRINA218110
PRINA218110
PRINA218110
PRINA230969
PRINA230969
PRINA230969
PRINA230969
PRINA230969
PRINA230969
PRJDB5571
PRJDB5571
PRJDB5571
PRJDB5571
PRJDB5571
PRJDB5571
PRJDB5571
PRJDB5571
PRJDB5571
PRJDB5571
PRJDB5571

SAMNO04633622
SAMNO04625574
SAMNO04625585
SAMNO04625563
SAMNO04913811
SAMNO04913824
SAMNO04625466
SAMNO04578418
SAMNO04495854
SAMNO04578419
SAMNO04498549
SAMNO04192188
SAMNO03838116
SAMNO04227723
SAMNO04075848
SAMNO03272820
SAMNO03151532
SAMNO03840334
SAMNO04075513
SAMNO04075843
SAMNO3775204
SAMNO04500985
SAMNO04588711
SAMNO05209084
SAMNO05203326
SAMNO7373072
SAMNO05605272
SAMNO04902887
SAMNO05605257
SAMNO05591573
SAMNO06256289
SAMNO04908471
SAMNO06127049
SAMNO06127045
SAMNO07237071
SAMNO06700862
SAMNO7987839
SAMNO7774189
SAMNO05294505
SAMNO02352904
SAMNO02352964
SAMNO08129177
SAMNO05439479
SAMNO05605269
SAMNO05605332
SAMNO05605331
SAMNO05605263
SAMNO3743659
SAMDO00075828
SAMDO00075829
SAMDO00075830
SAMDO00075832
SAMDO00075905
SAMDO00075998
SAMDO00075999
SAMDO00075911
SAMDO00075785
SAMDO00076003
SAMDO00075908

SRR3371781
SRR3360206
SRR3360195
SRR3360216
SRR4113678
SRR4300141
SRR3360241
SRR3290033
SRR3171841
SRR3290038
SRR3178026
SRR3040537
SRR2481234
SRR3040532
SRR2417066
SRR1738019
SRR1635531
SRR2121025
SRR2415794
SRR2415808
SRR2481344
SRR3189440
SRR3371981
SRR3644551
SRR3644569
SRR5870554
SRR5330849
SRR3465501
SRR5330857
SRR5330824
SRR5202193
SRR3457631
SRR5091629
SRR5091628
SRR5683240
SRR5441623
SRR6265848
SRR6158105
SRR3883019
SRR3213940
SRR3371784
SRR6359280
SRR3988028
SRR5330852
SRR5185399
SRR5185402
SRR5185394
SRR2176280
DRR103485
DRR103486
DRR103487
DRR103489
DRR103562
DRR103655
DRR103656
DRR103568
DRR103442
DRR103660
DRR103565

USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
Germany
Germany
Germany
Canada
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
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human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
other animal
human
human
bovine
bovine
bovine
bovine
bovine
bovine
bovine
bovine
human
human
human
human
food
human
human
human
bovine
human
human
human
human
human
human
human
human
human
human
human
human

2010C3051_USA_human
2010C3902_USA_human
2010C4430_USA_human
2011C3270_USA_human
PNUSAE002149_USA_human
PNUSAE002166_USA_human
2011C3506_USA_human
2012C3101_USA_human
2012C3912_USA_human
2012C3102_USA_human
2012C4606_USA_human
PNUSAEQ01578_USA_human
PNUSAE000885_USA_human
PNUSAEQ01573_USA_human
PNUSAEQ01154_USA_human
PNUSAE000133_USA_human
PNUSAE000002_USA_human
PNUSAE000539_USA_human
PNUSAE001379_USA_human
PNUSAE001373_USA_human
PNUSAEQ00779_USA_human
PNUSAE002228_USA_human
PNUSAE002615_USA_human
PNUSAE003275_USA_human
PNUSAE003211_USA_human
PNUSAE008468_USA_human
MOD1EC1750_USA_human

MOD1EC6201_USA_other animal

MOD1EC1919_USA_human
MOD1EC550_USA_human
FSIS1609416_USA_bovine
FSIS1606391_USA_bovine
FSIS1608854_USA_bovine
FSIS1608722_USA_bovine
FSIS1701668_USA_bovine
FSIS1710186_USA_bovine
FSIS11704781_USA_bovine
FSIS21720313_USA_bovine

PNUSAE003398_USA_human
643464 _USA_human
2010C3472_USA_human
PNUSAEOQ11184_USA_human
MOD1EC6029_USA_food
MOD1EC1753_USA_human
MOD1EC2812_Germany_human
MOD1EC2813_Germany_human
MOD1EC1763_Germany_bovine
CFSANO033951_Canada_human
MO1_Japan_human
MO02_Japan_human
MO03_Japan_human
MO5_Japan_human
0O01_Japan_human
T02_Japan_human
T03_Japan_human
007_Japan_human
FO2_Japan_human
T08_Japan_human
004_Japan_human



PRJDB5571 SAMDO00075912 DRR103569 Japan human 008_Japan_human

PRJDB5571 SAMDO00075786 DRR103443 Japan human FO3_Japan_human
PRJDB5571 SAMDO00076004 DRR103661 Japan human T09_Japan_human
PRJDB5571 SAMDO00076010 DRR103667 Japan human T16_Japan_human
PRJDB5571 SAMDO00075789 DRR103446 Japan human FO6_Japan_human
PRJDB5571 SAMDO00075848 DRR103505 Japan human M21_Japan_human
PRJDB5571 SAMDO00075918 DRR103575 Japan human O16_Japan_human
PRJDB5571 SAMDO00076017 DRR103674 Japan human T23_Japan_human
PRJDB5571 SAMDO00075930 DRR103587 Japan human 029_Japan_human
PRJDB5571 SAMDO00075927 DRR103584 Japan human 025_Japan_human
PRJDB5571 SAMDO00075852 DRR103509 Japan human M25_Japan_human
PRJDB5571 SAMDO00075793 DRR103450 Japan human F10_Japan_human
PRJDB5571 SAMDO00075728 DRR103385 Japan bovine AkiO1_Japan_bovine
PRJDB5571 SAMDO00075856 DRR103513 Japan human M30_Japan_human
PRJDB5571 SAMDO00076025 DRR103682 Japan human T32_Japan_human
PRJDB5571 SAMDO00075936 DRR103593 Japan human 035_Japan_human
PRJDB5571 SAMDO00076024 DRR103681 Japan human T31_Japan_human
PRJDB5571 SAMDO00076026 DRR103683 Japan human T33_Japan_human
PRJDB5571 SAMDO00076028 DRR103685 Japan human T35_Japan_human
PRJDB5571 SAMDO00075799 DRR103456 Japan human F17_Japan_human
PRJDB5571 SAMDO00076030 DRR103687 Japan human T39_Japan_human
PRJDB5571 SAMDO00076032 DRR103689 Japan human T41_Japan_human
PRJDB5571 SAMDO00075857 DRR103514 Japan human M31_Japan_human
PRJDB5571 SAMDO00075947 DRR103604 Japan human 046_Japan_human
PRJDB5571 SAMDO00075859 DRR103516 Japan human M33_Japan_human
PRJDB5571 SAMDO00076034 DRR103691 Japan human T43_Japan_human
PRJDB5571 SAMDO00076036 DRR103693 Japan human T45_Japan_human
PRJDB5571 SAMDO00075869 DRR103526 Japan human M43_Japan_human
PRJDB5571 SAMDO00075867 DRR103524 Japan human M41_Japan_human
PRJDB5571 SAMDO00075875 DRR103532 Japan human M53_Japan_human
PRJDB5571 SAMDO00075877 DRR103534 Japan human M56_Japan_human
PRJDB5571 SAMDO00075874 DRR103531 Japan human M48_Japan_human
PRJDB5571 SAMDO00075881 DRR103538 Japan human M64_Japan_human
PRJDB5571 SAMDO00076063 DRR103720 Japan bovine YBO02_Japan_bovine
PRJDB5571 SAMDO00076062 DRR103719 Japan bovine YBO1_Japan_bovine
PRJDB5571 SAMDO00075882 DRR103539 Japan human M65_Japan_human
PRJDB5571 SAMDO00076040 DRR103697 Japan human T49_Japan_human
PRJDB5571 SAMDO00076044 DRR103701 Japan human T53_Japan_human
PRJDB5571 SAMDO00075887 DRR103544 Japan human M73_Japan_human
PRJDB5571 SAMDO00076047 DRR103704 Japan human T59_Japan_human
PRJDB5571 SAMDO00076049 DRR103706 Japan human T61_Japan_human
PRJDB5571 SAMDO00075891 DRR103548 Japan human M79_Japan_human
PRJDB5571 SAMDO00075892 DRR103549 Japan human M80_Japan_human
PRJDB5136 SAMDO00064344 DRR073024 Japan human NIID070765_Japan_human
PRJDB5571 SAMDO00076064 DRR103721 Japan bovine YBO03_Japan_bovine
PRJDB5571 SAMDO00075955 DRR103612 Japan human O55_Japan_human
PRJDB5571 SAMDO00075956 DRR103613 Japan human O56_Japan_human
PRJDB5136 SAMDO00064355 DRR073035 Japan human NIID080884_Japan_human
PRJDB5571 SAMDO00076067 DRR103724 Japan bovine YB13_Japan_bovine
PRJDB5571 SAMDO00076065 DRR103722 Japan bovine YBO5_Japan_bovine
PRJDB5571 SAMDO00075782 DRR103439 Japan bovine BK13_Japan_bovine
PRJDB5571 SAMDO00076066 DRR103723 Japan bovine YBO6_Japan_bovine
PRJDB5571 SAMDO00075893 DRR103550 Japan human M81_Japan_human
PRJDB5571 SAMDO00076055 DRR103712 Japan human T67_Japan_human
PRJDB5571 SAMDO00075958 DRR103615 Japan human 058_Japan_human
PRJDB5571 SAMDO00075957 DRR103614 Japan human O57_Japan_human
PRJDB5571 SAMDO00075898 DRR103555 Japan human M89_Japan_human
PRJDB5571 SAMDO00075901 DRR103558 Japan human M92_Japan_human
PRJDB5571 SAMDO00075899 DRR103556 Japan human M90_Japan_human
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PRJDB5571
PRJDB5571
PRJDB5571
PRJDB5571
PRJDB5571
PRJDB5571
PRJDB5136
PRJDB5571
PRJDB5571
PRJDB5136
PRJDB5136
PRJDB5136
PRJDB5136
PRJDB5571
PRJDB5571
PRJDB5571
PRJDB5571
PRJDB5136
PRJDB5136
PRJDB5136
PRJDB5136
PRJDB5571
PRJDB5136
PRJDB5136
PRINA315192
PRINA315192
PRINA315192
PRINA315192
PRINA315192
PRINA315192
PRINA259827
PRINA259827
PRINA259827
PRINA259827
PRINA259827
PRINA259827
PRINA259827
PRINA259827
PRINA259827
PRINA259827
PRINA259827
PRINA315192
PRINA315192
PRINA315192
PRINA315192
PRINA315192
PRINA218110
PRINA218110
PRINA218110
PRINA268206
PRINA268206
PRINA268206
PRINA268206
PRINA268206
PRINA268206
PRINA268206
PRINA268206
PRINA268206
PRINA268206

SAMDO00075824
SAMDO00075780
SAMDO00075776
SAMDO00075781
SAMDO00075773
SAMDO00075962
SAMDO00064358
SAMDO00075964
SAMDO00075902
SAMDO00064338
SAMDO00064353
SAMDO00064351
SAMDO00064348
SAMDO00075989
SAMDO00075733
SAMDO00075729
SAMDO00075991
SAMDO00064341
SAMDO00064342
SAMDO00064354
SAMDO00064337
SAMDO00075734
SAMDO00064350
SAMDO00064343
SAMNO04568167
SAMNO04568166
SAMNO4567831
SAMNO04554948
SAMNO05734323
SAMNO05733983
SAMNO03703971
SAMNO03703997
SAMNO03703954
SAMNO03703951
SAMNO03703966
SAMNO03703953
SAMNO03703952
SAMNO3703969
SAMNO03703970
SAMNO03703965
SAMNO3703967
SAMNO04568149
SAMNO5170656
SAMNO05733904
SAMNO5734341
SAMNO05734380
SAMNO02991228
SAMNO03838114
SAMNO03785431
SAMNO04909393
SAMNO03921926
SAMNO03922101
SAMNO03921925
SAMNO03921934
SAMNO03921935
SAMNO03940972
SAMNO03940974
SAMNO03940973
SAMNO03216753

DRR103481
DRR103437
DRR103433
DRR103438
DRR103430
DRR103619
DRR073038
DRR103621
DRR103559
DRR073018
DRR073033
DRR073031
DRR073028
DRR103646
DRR103390
DRR103386
DRR103648
DRR073021
DRR073022
DRR073034
DRR073017
DRR103391
DRR073030
DRR073023
SRR3241986
SRR3241985
SRR3240981
SRR3226393
SRR4181480
SRR4179768
SRR2035403
SRR2035432
SRR2120750
SRR2120773
SRR2120768
SRR2120771
SRR2035364
SRR2035399
SRR2035402
SRR2035374
SRR2035376
SRR3241859
SRR3578565
SRR4176976
SRR4181536
SRR4181594
SRR2014841
SRR2481236
SRR2550380
SRR3457938
SRR2125829
SRR2126001
SRR2125821
SRR2125835
SRR2125824
SRR2132070
SRR2132075
SRR2132074
SRR1693303

Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
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human
bovine
bovine
bovine
bovine
human
human
human
human
human
human
human
human
bovine
bovine
bovine
bovine
human
human
human
human
other animal
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
bovine
bovine
bovine
bovine
bovine
bovine
bovine
bovine
bovine
bovine

F44_Japan_human
BK10_Japan_bovine
BKO5_Japan_bovine
BK11_Japan_bovine
BKO1_Japan_bovine
062_Japan_human

NIID11 1609_Japan_human
064_Japan_human

M93_Japan_human

NIID122711_Japan_human
N||D121840_Japan_human
N||D122657_Japan_human
NIID122147_Japan_human
She01_Japan_bovine
Aki06_Japan_bovine
Aki02_Japan_bovine
She03_Japan_bovine
NIID132777_Japan_human
N||D141423_Japan_human
NIID132265_Japan_human
N||D130549_Japan_human
AkiO7_Japan_other animal
NIID141424_Japan_human
N||D141425_Japan_human
93279_UK_human
93280_UK_human
93304_UK_human
224098_UK_human
146047_UK_human
143934_UK_human
46009_UK_human
18109_UK_human
25910_UK_human
60510_UK_human
46710_UK_human
51911_UK_human
48212_UK_human
62612_UK_human
68013_UK_human
63713_UK_human
67013_UK_human
93285_UK_human
129381_UK_human
143493_UK_human
154820_UK_human
152422_UK_human
2010C4800_USA_human
PNUSAE000887_USA_human
PNUSAEO000800_USA_human
FSIS1503454_USA_bovine
FSIS1500874_USA_bovine
FSIS1500781_USA_bovine
FSIS1500873_USA_bovine
FSIS1500928_USA_bovine
FSIS1500948_USA_bovine
FSIS1503255_USA_bovine
FSIS1503257_USA_bovine
FSIS1503256_USA_bovine
FSIS1400371_USA_bovine



PRINA268206
PRINA268206
PRINA268206
PRINA232925
PRINA283914
PRINA275276
PRINA275276
PRINA284656
PRINA284656
PRINA284656
PRINA284656
PRINA284656
PRINA284656
PRINA218110
PRINA218110
PRINA312475
PRINA312475
PRINA230969
PRINA230969
PRINA230969

SAMNO03921981
SAMNO03921972
SAMNO03922009
SAMNO02566899
SAMNO5366684
SAMNO3340674
SAMNO03340677
SAMNO03704971
SAMNO03704970
SAMNO3704969
SAMNO3704968
SAMNO3704966
SAMNO03704963
SAMNO04498563
SAMNO04498702
SAMNO05414569
SAMNO05414581
SAMNO05425824
SAMNO05452918
SAMNO05605333

SRR2125877
SRR2125881
SRR2125932
SRR1272859
SRR4011138
SO174*
SO179*
36493*
36293*
36348*
34870%
36708*
36084*
SRR3178040
SRR3178046
SRR3931242
SRR3931256
SRR3938671
SRR3987970
SRR4340534

USA
USA
USA
USA
USA
Norway
Norway
France
France
France
France
France
France
USA
USA
USA
USA
USA
USA
USA

bovine
bovine
bovine
bovine
other animal
human
human
human
human
human
human
human
human
human
human
food
food
food
avian
human

FSIS1500641_USA_bovine
FSIS1500632_USA_bovine
FSIS1500489_USA_bovine
ewgs1005_USA_bovine
WAPHLECOA00006_USA_caprine
SO174_Norway_human
SO179_Norway_human
36493_France_human
36293_France_human
36348_France_human
34870_France_human
36708_France_human
36084_France_human
2015C5206_USA_human
2016C3018_USA_human
CFSANO046724_USA_food
CFSANO046736_USA_food
FDAO0010430_USA_food
MOD1EC5703_USA_avian
MOD1EC2790_USA_human

*True origin of isolate found by contacting submitter and original source; not correctly listed on NCBI
#Raw sequence data provided by submitter of assembled genome directly to corresponding author of

publication
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Appendix Table 7: Serotype, multilocus sequence type (MLST), metadata (country and

isolation source), and stx profile for serogroup O26 E. coli (n=404)

Isolate O_type | H_type MLST Country Source stx profile
MOD1EC1684_Australia_human 026 H11 ST-21 Australia human stx1
11KH245_Belgium_bovine 026 H11 ST-21 Belgium bovine stx1

11KH263_Belgium_bovine 026 H11 ST-21 Belgium bovine stx1&stx2
11KH63_Belgium_bovine 026 H11 ST-21 Belgium bovine stx1
12KH23_Belgium_bovine 026 H11 ST-21 Belgium bovine stx1
357S89_Belgium_bovine 026 H11 ST-21 Belgium bovine stx1

631KH91_Belgium_bovine 026 H11 ST-29 Belgium bovine no_stx

B43_Belgium_bovine 026 H11 ST-1705 Belgium bovine stx1
B44_Belgium_bovine 026 H11 ST-21 Belgium bovine stx1
EHO031_Belgium_human 026 H11 ST-21 Belgium human stx1
EH182_Belgium_human 026 H11 ST-21 Belgium human stx1
EH193_Belgium_human 026 H11 ST-21 Belgium human stx2
EH2035_Belgium_human 026 H11 ST-21 Belgium human stx1
EH2068_Belgium_human 026 H11 ST-21 Belgium human stx1

EH2075_Belgium_human 026 H11 ST-21 Belgium human stx1&stx2
EH2083_Belgium_human 026 H11 ST-21 Belgium human stx1
EH2208_Belgium_human 026 H11 ST-21 Belgium human stx1
EH2209_Belgium_human 026 H11 ST-1705 Belgium human stx1
EH2219_Belgium_human 026 H11 ST-21 Belgium human stx1
EH2244 Belgium_human 026 H11 ST-21 Belgium human stx1
EH2251_Belgium_human 026 H11 ST-21 Belgium human stx1
EH2252_Belgium_human 026 H11 ST-21 Belgium human stx1
EH2257_Belgium_human 026 H11 ST-21 Belgium human stx1
EH2258 Belgium_human 026 H11 ST-1705 Belgium human stx1
EH322_Belgium_human 026 H11 ST-21 Belgium human stx1
CFSANO033951_Canada_human 026 H11 ST-21 Canada human stx1
EC120246_Canada_human 026 H11 ST-21 Canada human stx1
OLC0637_Canada_bovine 026 H11 ST-21 Canada bovine stx1

AA044_Denmark_human 026 H27 ST-10 Denmark human no_stx

02113_France_human 026 H11 ST-21 France human stx1
03139_France_human 026 H11 ST-1705 France human stx1
34870_France_human 026 H11 ST-29 France human stx2
36084_France_human 026 H11 ST-21 France human stx2
36293_France_human 026 H11 ST-29 France human stx2
36348_France_human 026 H11 ST-29 France human stx2
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36493 _France_human 026 H11 ST-29 France human stx2
36708_France_human 026 H11 ST-29 France human stx2
99109_France_human 026 H11 ST-29 France human stx2
126814_Germany_human 026 H11 ST-21 Germany human stx2
MOD1EC1664_Germany_human 026 H11 ST-21 Germany human stx1&stx2
MOD1EC1763_Germany_bovine 026 H11 ST-21 Germany bovine stx1
MOD1EC2812_Germany_human 026 H11 ST-29 Germany human stx2
MOD1EC2813_Germany_human 026 H11 ST-29 Germany human stx2
MOD1EC2814_Germany_human 026 H11 ST-21 Germany human stx1&stx2
ED80_lItaly_bovine 026 H11 ST-29 Italy bovine no_stx
AkiO1_Japan_bovine 026 H11 ST-21 Japan bovine stx1
AkiO2_Japan_bovine 026 H11 ST-21 Japan bovine no_stx
AkiO6_Japan_bovine 026 H11 ST-29 Japan bovine no_stx
AkiO7_Japan_other~animal 026 H11 ST-21 Japan other animal stx1
BK01_Japan_bovine 026 H11 ST-21 Japan bovine stx1
BK05_Japan_bovine 026 H11 ST-21 Japan bovine stx1
BK10_Japan_bovine 026 H11 ST-21 Japan bovine stx1
BK11_Japan_bovine 026 H11 ST-21 Japan bovine no_stx
BK13_Japan_bovine 026 H11 ST-21 Japan bovine stx1
F02_Japan_human 026 H11 ST-21 Japan human stx1
F03_Japan_human 026 H11 ST-21 Japan human stx1
FO6_Japan_human 026 H11 ST-21 Japan human stx1&stx2
F10_Japan_human 026 H11 ST-21 Japan human stx1
F17_Japan_human 026 H11 ST-21 Japan human stx1&stx2
F44_Japan_human 026 H11 ST-21 Japan human stx1
MO01_Japan_human 026 H11 ST-21 Japan human stx1
MO02_Japan_human 026 H11 ST-21 Japan human stx1
MO03_Japan_human 026 H11 ST-21 Japan human stx1
MO5_Japan_human 026 H11 ST-21 Japan human stx1
M21_Japan_human 026 H11 ST-21 Japan human stx1
M25_Japan_human 026 H11 ST-21 Japan human stx1
M30_Japan_human 026 H11 ST-21 Japan human stx1
M31_Japan_human 026 H11 ST-21 Japan human stx1
M33_Japan_human 026 H11 ST-21 Japan human stx1&stx2
M41_Japan_human 026 H11 ST-21 Japan human stx1
M43_Japan_human 026 H11 ST-21 Japan human stx1
M48_Japan_human 026 H11 ST-21 Japan human stx1
M53_Japan_human 026 H11 ST-21 Japan human stx1
M56_Japan_human 026 H11 ST-21 Japan human stx1
Mé4_Japan_human 026 H11 ST-21 Japan human stx1
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Mé5_Japan_human 026 H11 ST-21 Japan human stx1
M73_Japan_human 026 H11 ST-21 Japan human stx1
M79_Japan_human 026 H11 ST-21 Japan human stx1
M80_Japan_human 026 H11 ST-21 Japan human stx1
M81_Japan_human 026 H11 ST-21 Japan human stx1
M89_Japan_human 026 H11 ST-21 Japan human stx1
M90_Japan_human 026 H11 ST-21 Japan human stx1
M92_Japan_human 026 H11 ST-21 Japan human stx1
M93_Japan_human 026 H11 ST-21 Japan human stx1
NIID070765_Japan_human 026 H11 ST-21 Japan human stx2
NIID080884_Japan_human 026 H11 ST-21 Japan human stx1&stx2
NIID111609_Japan_human 026 H11 ST-21 Japan human stx1&stx2
NIID121840_Japan_human 026 H11 ST-21 Japan human stx1&stx2
NIID122147_Japan_human 026 H11 ST-21 Japan human stx2
NIID122657_Japan_human 026 H11 ST-21 Japan human stx1&stx2
NIID122711_Japan_human 026 H11 ST-29 Japan human stx2
NIID130549_Japan_human 026 H11 ST-29 Japan human stx2
NIID132265_Japan_human 026 H11 ST-21 Japan human stx1&stx2
NIID132777_Japan_human 026 H11 ST-29 Japan human stx2
NIID141423_Japan_human 026 H11 ST-29 Japan human stx2
NIID141424_Japan_human 026 H11 ST-21 Japan human stx2
NIID141425_Japan_human 026 H11 ST-5172 Japan human stx2
001_Japan_human 026 H11 ST-21 Japan human stx1
004 _Japan_human 026 H11 ST-21 Japan human stx1
007_Japan_human 026 H11 ST-21 Japan human stx1
008_Japan_human 026 H11 ST-21 Japan human stx1
0O16_Japan_human 026 H11 ST-21 Japan human stx1
025_Japan_human 026 H11 ST-21 Japan human stx1
029_Japan_human 026 H11 ST-21 Japan human stx1
035_Japan_human 026 H11 ST-21 Japan human no_stx
046_Japan_human 026 H11 ST-21 Japan human stx1
O55_Japan_human 026 H11 ST-21 Japan human stx1
O56_Japan_human 026 H11 ST-21 Japan human stx1&stx2
O57_Japan_human 026 H11 ST-21 Japan human stx1
0O58_Japan_human 026 H11 ST-21 Japan human stx1
062_Japan_human 026 H11 ST-21 Japan human stx1
064_Japan_human 026 H11 ST-21 Japan human stx1
She01_Japan_bovine 026 H11 ST-21 Japan bovine stx1
She03_Japan_bovine 026 H11 ST-21 Japan bovine no_stx
T02_Japan_human 026 H11 ST-21 Japan human stx1
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T03_Japan_human 026 H11 ST-21 Japan human stx1
T08_Japan_human 026 H11 ST-21 Japan human stx1
T09_Japan_human 026 H11 ST-21 Japan human stx1
T16_Japan_human 026 H11 ST-21 Japan human stx1
T23_Japan_human 026 H11 ST-21 Japan human stx1
T31_Japan_human 026 H11 ST-21 Japan human stx1
T32_Japan_human 026 H11 ST-21 Japan human stx1&stx2
T33_Japan_human 026 H11 ST-21 Japan human stx1
T35_Japan_human 026 H11 ST-21 Japan human stx1
T39_Japan_human 026 H11 ST-21 Japan human stx1
T41_Japan_human 026 H11 ST-21 Japan human stx1
T43_Japan_human 026 H11 ST-21 Japan human stx1
T45_Japan_human 026 H11 ST-21 Japan human stx1
T49_Japan_human 026 H11 ST-21 Japan human stx1
T53_Japan_human 026 H11 ST-21 Japan human stx1&stx2
T59_Japan_human 026 H11 ST-21 Japan human stx1
T61_Japan_human 026 H11 ST-21 Japan human stx1
T67_Japan_human 026 H11 ST-21 Japan human stx1
YBO1_Japan_bovine 026 H11 ST-21 Japan bovine stx1
YBO02_Japan_bovine 026 H11 ST-21 Japan bovine stx1
YBO03_Japan_bovine 026 H11 ST-21 Japan bovine stx1
YBO5_Japan_bovine 026 H11 ST-21 Japan bovine stx1
YBO06_Japan_bovine 026 H11 ST-21 Japan bovine stx1
YB13_Japan_bovine 026 H11 ST-21 Japan bovine stx1
MOD1EC5336_Mexico_food 026 H12 ST-10 Mexico food no_stx
SO174_Norway_human 026 H11 ST-29 Norway human stx2
SO179_Norway_human 026 H11 ST-29 Norway human stx2
100ST2_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
11ST_NZ_bovine 026 H11 ST-21 NZ bovine stx1
129ST2_NZ_bovine 026 H11 ST-29 NZ bovine no_stx
14ER2056_NZ_human 026 H11 ST-21 NZ human stx1
14ER2240_NZ_human 026 H11 ST-21 NZ human stx1
14ER3837_NZ_human 026 H11 ST-21 NZ human stx1
15ER0146_NZ_human 026 H11 ST-21 NZ human stx1
15ER0512_NZ_human 026 H11 ST-21 NZ human stx1
15ER0857_NZ_human 026 H11 ST-21 NZ human stx1
15ER2552_NZ_human 026 H11 ST-21 NZ human stx1
15ER2837_NZ_human 026 H11 ST-21 NZ human stx1
15ER3334_NZ_human 026 H11 ST-21 NZ human stx1
15ER3567_NZ_human 026 H11 ST-21 NZ human stx1
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15ER3804_NZ_human 026 H11 ST-21 NZ human stx1
15ER4241_NZ_human 026 H11 ST-21 NZ human stx1
16ER0243_NZ_human 026 H11 ST-21 NZ human stx1
16ER0248_NZ_human 026 H11 ST-21 NZ human stx1
16ER0520_NZ_human 026 H11 ST-21 NZ human stx1
16ER0672_NZ_human 026 H11 ST-21 NZ human stx1
16ER0946_NZ_human 026 H11 ST-21 NZ human stx1
16ER1209_NZ_human 026 H11 ST-21 NZ human stx1
16ER1432_NZ_human 026 H11 ST-21 NZ human stx1
16ER1646_NZ_human 026 H11 ST-21 NZ human stx1
16ER1892_NZ_human 026 H11 ST-21 NZ human stx1
16ER1973_NZ_human 026 H11 ST-21 NZ human stx1
16ER2139_NZ_human 026 H11 ST-21 NZ human stx1
191ST2_NZ_bovine 026 H11 ST-21 NZ bovine stx1
22ST2_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
66ST1_NZ_bovine 026 H11 ST-21 NZ bovine stx1
A14a_NZ_bovine 026 H11 ST-29 NZ bovine no_stx
A17a_NZ_bovine 026 H11 ST-21 NZ bovine stx1
a185¢c_NZ_bovine 026 H11 ST-29 NZ bovine no_stx
a234d_NZ_bovine 026 H11 ST-29 NZ bovine no_stx
Adba_NZ_bovine 026 H11 ST-29 NZ bovine no_stx
Ab5a_NZ_bovine 026 H11 ST-21 NZ bovine stx1
A65b_NZ_bovine 026 H11 ST-21 NZ bovine stx1
A87b_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
AGR373_NZ_bovine 026 H11 ST-21 NZ bovine stx1
AGR72_NZ_bovine 026 H11 ST-21 NZ bovine stx1
e171b_NZ_bovine 026 H11 ST-21 NZ bovine stx1
e171c_NZ_bovine 026 H11 ST-21 NZ bovine stx1
e186a_NZ_bovine 026 H11 ST-29 NZ bovine no_stx
E189b_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
e195b_NZ_bovine 026 H11 ST-29 NZ bovine no_stx
e26a_NZ_bovine 026 H11 ST-21 NZ bovine stx1
e37¢_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
E46a_NZ_bovine 026 H11 ST-21 NZ bovine stx1
E59b_NZ_bovine 026 H11 ST-29 NZ bovine no_stx
ER005420_NZ_human 026 H11 ST-21 NZ human stx1
ER854674_NZ_human 026 H11 ST-21 NZ human stx1
ER985544_NZ_human 026 H11 ST-21 NZ human stx1
ERL023841_NZ_human 026 H11 ST-21 NZ human no_stx
ERLO71565_NZ_human 026 H11 ST-21 NZ human stx1
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ERL093655_NZ_human 026 H11 ST-21 NZ human stx1
ERL111686_NZ_human 026 H11 ST-21 NZ human stx1
ERL121992_NZ_human 026 H11 ST-21 NZ human stx1
H108a_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
H113a_NZ_bovine 026 H11 ST-29 NZ bovine no_stx
H132a_NZ_bovine 026 H11 ST-21 NZ bovine stx1
H13ESR01843_NZ_human 026 H11 ST-21 NZ human stx1
h148a_NZ_bovine 026 H11 ST-21 NZ bovine stx1
h148b_NZ_bovine 026 H11 ST-21 NZ bovine stx1
h199a_NZ_bovine 026 H11 ST-29 NZ bovine no_stx
h199c_NZ_bovine 026 H11 ST-29 NZ bovine no_stx
H31c_NZ_bovine 026 H11 ST-29 NZ bovine no_stx
Hide14d_NZ_bovine 026 H11 ST-21 NZ bovine stx1
ND29_NZ_bovine 026 H11 ST-21 NZ bovine stx1
ND3_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
ND35_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
ND62_NZ_bovine 026 H11 ST-21 NZ bovine stx1
Pre15a_NZ_bovine 026 H11 ST-21 NZ bovine stx1
Pre4d_NZ_bovine 026 H11 ST-21 NZ bovine stx1
T11i_NZ_bovine 026 H11 ST-21 NZ bovine stx1
t126¢c_NZ_bovine 026 H11 ST-29 NZ bovine no_stx
t128a_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
t173a_NZ_bovine 026 H11 ST-29 NZ bovine no_stx
t25a_NZ_bovine 026 H11 ST-29 NZ bovine no_stx
t25¢c_NZ_bovine 026 H11 ST-29 NZ bovine no_stx
T27a_NZ_bovine 026 H11 ST-21 NZ bovine stx1
T48b_NZ_bovine 026 H11 ST-21 NZ bovine stx1
Téb6c_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC1113e_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VC1122f_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC1125e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC1139e_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VC1140e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC1186e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC1187e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC1190e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC1195e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC1196e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC1202e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC1309e_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
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VC1310e_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VC1311e_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VC1362e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC1366e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC1367e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC1394e_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VC1395e_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VC1395f_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VC1395g_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VC1396e_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VC1403e_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VC1471e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC1471f_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC1471g_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC1471h_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC1473e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC1474e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC1486e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC396e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC397e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC401e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC452e_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VC456e_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VC459e_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VC473e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC474e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC474f_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC474g_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC474h_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC476e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC479e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC545e_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VC547e_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VC550e_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VC554e_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VC555e_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VC833e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC833f_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC833g_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC833h_NZ_bovine 026 H11 ST-21 NZ bovine stx1
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VC836e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC837e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC880e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC932f_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VC936e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC940e_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VC943e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC943f_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC943g_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC943h_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC946e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC951e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VC955e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VL0828h_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VL0958f_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VL1058g_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VL1277e_NZ_bovine 026 H11 ST-21 NZ bovine no_stx
VL2020e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
VL2228e_NZ_bovine 026 H11 ST-21 NZ bovine stx1
10016_Poland_human 026 H11 ST-29 Poland human stx2
TC6167_Switzerland_human 026 H11 ST-29 Switzerland human no_stx
129381_UK_human 026 H11 ST-21 UK human stx1&stx2
143493_UK_human 026 H11 ST-21 UK human stx1&stx2
143934_UK_human 026 H11 ST-21 UK human stx1
146047_UK_human 026 H11 ST-21 UK human stx1
152422_UK_human 026 H11 ST-21 UK human stx1
154820_UK_human 026 H11 ST-21 UK human stx1&stx2
18109_UK_human 026 H11 ST-21 UK human stx1&stx2
211644_UK_animal 026 H11 ST-29 UK other animal no_stx
224098_UK_human 026 H11 ST-21 UK human stx1
25910_UK_human 026 H11 ST-21 UK human stx2
2M8BS8_UK_human 026 H11 ST-21 UK human stx1
46009_UK_human 026 H11 ST-21 UK human stx1&stx2
46710_UK_human 026 H11 ST-21 UK human stx2
48212_UK_human 026 H11 ST-21 UK human stx2
51911_UK_human 026 H11 ST-21 UK human stx1&stx2
60510_UK_human 026 H11 ST-21 UK human stx1&stx2
62612_UK_human 026 H11 ST-21 UK human stx2
63713_UK_human 026 H11 ST-21 UK human stx2
67013_UK_human 026 H11 ST-29 UK human no_stx
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68013_UK_human 026 H11 ST-29 UK human no_stx
93279_UK_human 026 H11 ST-21 UK human stx1&stx2
93280_UK_human 026 H11 ST-21 UK human stx2
93285_UK_human 026 H11 ST-21 UK human stx2
93304_UK_human 026 H11 ST-21 UK human stx1
ECO0283_UK_humansepsis 026 H27 ST-10 UK human no_stx
H19_UK_human 026 H11 ST-21 UK human stx1
HKCVSH_UK_human 026 H11 ST-21 UK human stx1
120VK7_UK_human 026 H11 ST-21 UK human stx1
KLAV92_UK_human 026 H11 ST-21 UK human stx1
2009C3689_USA_human 026 H11 ST-29 USA human stx2
2009C3996_USA_human 026 H11 ST-21 USA human stx1
2009C4747_USA_human 026 H11 ST-21 USA human stx1
2010C3051_USA_human 026 H11 ST-21 USA human stx1
2010C3472_USA_human 026 H11 ST-21 USA human stx1
2010C3902_USA_human 026 H11 ST-21 USA human stx1&stx2
2010C4430_USA_human 026 H11 ST-21 USA human stx1
2010C4800_USA_human 026 H11 ST-29 USA human no_stx
2011C3270_USA_human 026 H11 ST-21 USA human stx1
2011C3506_USA_human 026 H11 ST-21 USA human stx1&stx2
2012C3101_USA_human 026 H11 ST-21 USA human stx1
2012C3102_USA_human 026 H11 ST-21 USA human stx1
2012C3912_USA_human 026 H11 ST-21 USA human stx1
2012C4606_USA_human 026 H11 ST-21 USA human stx1
2015C5206_USA_human 026 H11 ST-21 USA human stx1
2016C3018_USA_human 026 H11 ST-21 USA human stx1&stx2
643464_USA_human 026 H11 ST-21 USA human stx1
CFSANO046724_USA_food 026 H11 ST-21 USA food stx1
CFSANO046736_USA_food 026 H11 ST-21 USA food stx1
ewgs1005_USA_bovine 026 H11 ST-21 USA bovine stx1
FDA00010430_USA_food 026 H11 ST-21 USA food stx1
FSIS11704781_USA_bovine 026 H11 ST-21 USA bovine stx1
FSIS1400371_USA_bovine 026 H11 ST-21 USA bovine stx1
FSIS1500489_USA_bovine 026 H11 ST-21 USA bovine stx1
FSIS1500632_USA_bovine 026 H11 ST-21 USA bovine stx1
FSIS1500641_USA_bovine 026 H11 ST-21 USA bovine stx1
FSIS1500781_USA_bovine 026 H11 ST-21 USA bovine stx1
FSIS1500873_USA_bovine 026 H11 ST-21 USA bovine stx1
FSIS1500874_USA_bovine 026 H11 ST-21 USA bovine stx1
FSIS1500928_USA_bovine 026 H11 ST-21 USA bovine stx1
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FSIS1500948_USA_bovine 026 H11 ST-21 USA bovine stx1
FSIS1503255_USA_bovine 026 H11 ST-29 USA bovine stx2
FSIS1503256_USA _bovine 026 H11 ST-29 USA bovine stx2
FSIS1503257_USA_bovine 026 H11 ST-21 USA bovine stx1
FSIS1503454_USA_bovine 026 H11 ST-21 USA bovine stx1
FSIS1606391_USA_bovine 026 H11 ST-29 USA bovine stx2
FSIS1608722_USA_bovine 026 H11 ST-29 USA bovine stx2
FSIS1608854_USA_bovine 026 H11 ST-21 USA bovine stx1
FSIS1609416_USA_bovine 026 H11 ST-5172 USA bovine stx2
FSIS1701668_USA_bovine 026 H11 ST-21 USA bovine stx1
FSIS1710186_USA_bovine 026 H11 ST-21 USA bovine stx1
FSIS21720313_USA_bovine 026 H11 ST-5172 USA bovine stx2
MOD1EC1750_USA_human 026 H11 ST-21 USA human stx1
MOD1EC1753_USA_human 026 H11 ST-21 USA human stx1
MOD1EC1919_USA_human 026 H11 ST-21 USA human stx1
MOD1EC2790_USA_human 026 H11 ST-21 USA human stx1&stx2
MOD1EC550_USA_human 026 H11 ST-21 USA human stx1
MOD1EC5703_USA_avian 026 H11 ST-29 USA other animal no_stx
MOD1EC6029_USA_food 026 H11 ST-21 USA food stx1
MOD1EC6201_USA_other~animal 026 H6 ST-6236 USA other animal no_stx
PNUSAE000002_USA_human 026 H11 ST-21 USA human stx1
PNUSAE000133_USA_human 026 H11 ST-21 USA human stx1
PNUSAE000539_USA_human 026 H11 ST-21 USA human stx1
PNUSAE000779_USA_human 026 H11 ST-21 USA human stx1
PNUSAE000800_USA_human 026 H11 ST-21 USA human stx1
PNUSAE000885_USA_human 026 H11 ST-21 USA human stx1&stx2
PNUSAE000887_USA_human 026 H11 ST-21 USA human stx1
PNUSAE001154_USA_human 026 H11 ST-21 USA human stx1
PNUSAE001373_USA_human 026 H11 ST-21 USA human stx1
PNUSAE001379_USA_human 026 H11 ST-29 USA human stx2
PNUSAE001573_USA_human 026 H11 ST-21 USA human stx1
PNUSAE001578_USA_human 026 H11 ST-29 USA human stx2
PNUSAE002149_USA_human 026 H11 ST-21 USA human stx1
PNUSAE002166_USA_human 026 H11 ST-21 USA human stx1
PNUSAE002228_USA_human 026 H11 ST-21 USA human stx1
PNUSAE002615_USA_human 026 H11 ST-21 USA human stx1
PNUSAE003211_USA_human 026 H11 ST-21 USA human stx1
PNUSAE003275_USA_human 026 H11 ST-21 USA human stx1
PNUSAE003398_USA_human 026 H11 ST-21 USA human stx1
PNUSAE008468_USA_human 026 H11 ST-21 USA human stx1
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PNUSAE011184_USA_human 026 H11 ST-21 USA human stx1
TC3486_USA_bovine 026 H11 ST-29 USA bovine no_stx
TC3630_USA_bovine 026 H11 ST-21 USA bovine stx1
TC3656_USA_bovine 026 H11 ST-21 USA bovine stx1
TC4219_USA_bovine 026 H11 ST-21 USA bovine no_stx
TC6165_USA_human 026 H11 ST-21 USA human stx1
TC6168_USA_human 026 H11 ST-21 USA human stx1
TC6169_USA_bovine 026 H11 ST-21 USA bovine stx1

WAPHLECOAO00006_USA _caprine 026 H11 ST-21 USA other animal stx1
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Appendix Table 8: Antibiotic resistance gene class (n=8) by serogroup 026 E. coli bacterial isolate (n=404)

Isolate

Aminoglycoside

Beta-lactam

Macrolide

Phenicol

Quinolone

Sulphonamide

Tetracycline

Trimethoprim

02113_France_human

03139_France_human

10016_Poland_human

100ST2_NZ_bovine

11KH245_Belgium_bovine

11KH263_Belgium_bovine

11KH63_Belgium_bovine

11ST_NZ_bovine

<[ =<]=<|=

126814_Germany_human

129381_UK_human

129ST2_NZ_bovine

12KH23_Belgium_bovine

143493_UK_human

143934_UK_human

146047_UK_human

14ER2056_NZ_human

14ER2240_NZ_human

14ER3837_NZ_human

152422_UK_human

154820_UK_human

15ER0146_NZ_human

15ER0512_NZ_human

15ER0857_NZ_human

15ER2552_NZ_human

15ER2837_NZ_human

15ER3334_NZ_human
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15ER3567_NZ_human

15ER3804_NZ_human

15ER4241_NZ_human

16ER0243_NZ_human

16ER0248_NZ_human

16ER0520_NZ_human

16ER0672_NZ_human

16ER0946_NZ_human

16ER1209_NZ_human

16ER1432_NZ_human

16ER1646_NZ_human

16ER1892_NZ_human

16ER1973_NZ_human

16ER2139_NZ_human

18109_UK_human

191ST2_NZ_bovine

2009C3689_USA_human

2009C3996_USA_human

2009C4747_USA_human

2010C3051_USA_human

2010C3472_USA_human

2010C3902_USA_human

2010C4430_USA_human

2010C4800_USA_human

2011C3270_USA_human

2011C3506_USA_human

2012C3101_USA_human

2012C3102_USA_human

2012C3912_USA_human
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2012C4606_USA_human

2015C5206_USA_human

2016C3018_USA_human

211644_UK_animal

224098_UK_human

22ST2_NZ_bovine

25910_UK_human

2M8BS8_UK_human

34870_France_human

357S89_Belgium_bovine

36084_France_human

36293_France_human

36348 _France_human

36493 _France_human

36708_France_human

46009_UK_human

46710_UK_human

48212_UK_human

51911_UK_human

60510_UK_human

62612_UK_human

631KH91_Belgium_bovine

63713_UK_human

643464_USA_human

66ST1_NZ_bovine

67013_UK_human

68013_UK_human

93279_UK_human

93280_UK_human
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93285_UK_human

93304_UK_human

99109_France_human

A14a_NZ_bovine

A17a_NZ_bovine

Adba_NZ_bovine

Ab5a_NZ_bovine

A65b_NZ_bovine

A87b_NZ_bovine

AA044_Denmark_human

AGR373_NZ_bovine

AGR72_NZ_bovine

AkiO1_Japan_bovine

Aki02_Japan_bovine

AkiO6_Japan_bovine

AkiO7_Japan_other~animal

B43_Belgium_bovine

B44_Belgium_bovine

BK01_Japan_bovine

BK05_Japan_bovine

BK10_Japan_bovine

BK11_Japan_bovine

BK13_Japan_bovine

CFSAN033951_Canada_human

CFSANO046724_USA _food

CFSANO046736_USA_food

E189b_NZ_bovine

E46a_NZ_bovine

E59b_NZ_bovine
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EC120246_Canada_human

ECO0283_UK_humansepsis

ED80_lItaly_bovine

EHO031_Belgium_human

EH182_Belgium_human

EH193_Belgium_human

EH2035_Belgium_human

EH2068_Belgium_human

<|=<|=<|=

<|=<|=<|=

EH2075_Belgium_human

EH2083_Belgium_human

EH2208_Belgium_human

EH2209_Belgium_human

EH2219_Belgium_human

EH2244 Belgium_human

EH2251_Belgium_human

EH2252_Belgium_human

<|=<|=<|=

<|=<|=<|=

EH2257_Belgium_human

EH2258 Belgium_human

EH322_Belgium_human

ER005420_NZ_human

ER854674_NZ_human

ER985544_NZ_human

ERL023841_NZ_human

ERLO71565_NZ_human

ERL093655_NZ_human

ERL111686_NZ_human

ERL121992_NZ_human

F02_Japan_human

F03_Japan_human
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FO6_Japan_human

F10_Japan_human

F17_Japan_human

F44_Japan_human

FDA00010430_USA_food

FSIS11704781_USA_bovine

FSIS1400371_USA_bovine

FSIS1500489_USA_bovine

FSIS1500632_USA_bovine

FSIS1500641_USA_bovine

FSIS1500781_USA_bovine

FSIS1500873_USA_bovine

FSIS1500874_USA _bovine

FSIS1500928_USA_bovine

FSIS1500948_USA_bovine

FSIS1503255_USA _bovine

FSIS1503256_USA_bovine

FSIS1503257_USA _bovine

FSIS1503454_USA _bovine

FSIS1606391_USA_bovine

FSIS1608722_USA_bovine

FSIS1608854_USA_bovine

FSIS1609416_USA_bovine

FSIS1701668_USA_bovine

FSIS1710186_USA_bovine

FSIS21720313_USA_bovine

H108a_NZ_bovine

H113a_NZ_bovine

H132a_NZ_bovine
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H13ESR01843_NZ_human

H19_UK_human

H31¢c_NZ_bovine

HKCVSH_UK_human

Hide14d_NZ_bovine

120VK7_UK_human

KLAV92_UK_human

MO01_Japan_human

MO02_Japan_human

MO03_Japan_human

MO5_Japan_human

M21_Japan_human

M25_Japan_human

M30_Japan_human

M31_Japan_human

M33_Japan_human

M41_Japan_human

M43_Japan_human

M48_Japan_human

M53_Japan_human

M56_Japan_human

Mé4_Japan_human

Mé5_Japan_human

M73_Japan_human

M79_Japan_human

M80_Japan_human

M81_Japan_human

M89_Japan_human

M90_Japan_human
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M92_Japan_human

M93_Japan_human

MOD1EC1664_Germany_human

MOD1EC1684_Australia_human

<|=<|=<|=

<|=<|=<[|=<

MOD1EC1750_USA_human

MOD1EC1753_USA_human

MOD1EC1763_Germany_bovine

MOD1EC1919_USA_human

MOD1EC2790_USA_human

<|=<|=<|=<

<|=<|=<|=

<|=<|=<|=<

MOD1EC2812_Germany_human

MOD1EC2813_Germany_human

MOD1EC2814_Germany_human

MOD1EC5336_Mexico_food

MOD1EC550_USA_human

MOD1EC5703_USA_avian

MOD1EC6029_USA_food

MOD1EC6201_USA_other~animal

ND29_NZ_bovine

ND35_NZ_bovine

ND3_NZ_bovine

ND62_NZ_bovine

<|=<|=<|=<

<|=<|=<|=<

<|=<|=<|=<

NIID070765_Japan_human

NIID080884_Japan_human

<

NIID111609_Japan_human

NIID121840_Japan_human

NIID122147_Japan_human

NIID122657_Japan_human

NIID122711_Japan_human

NIID130549_Japan_human
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NIID132265_Japan_human

NIID132777_Japan_human

NIID141423_Japan_human

NIID141424_Japan_human

NIID141425_Japan_human

0O01_Japan_human

004 _Japan_human

007_Japan_human

008_Japan_human

0O16_Japan_human

025_Japan_human

029_Japan_human

035_Japan_human

046_Japan_human

O55_Japan_human

O56_Japan_human

O57_Japan_human

0O58_Japan_human

062_Japan_human

064_Japan_human

OLC0637_Canada_bovine

PNUSAE000002_USA_human

PNUSAE000133_USA_human

PNUSAE000539_USA_human

PNUSAE000779_USA_human

PNUSAE000800_USA_human

PNUSAE000885_USA_human

PNUSAE000887_USA_human

PNUSAE001154_USA_human
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PNUSAE001373_USA_human

PNUSAE001379_USA_human

PNUSAE001573_USA_human

PNUSAE001578_USA_human

PNUSAE002149_USA_human

PNUSAE002166_USA_human

PNUSAE002228_USA_human

PNUSAE002615_USA_human

PNUSAE003211_USA_human

PNUSAE003275_USA_human

PNUSAE003398_USA_human

PNUSAE008468_USA_human

PNUSAE011184_USA_human

Pre15a_NZ_bovine

Pre4d_NZ_bovine

SO174_Norway_human

SO179_Norway_human

She01_Japan_bovine

She03_Japan_bovine

T02_Japan_human

T03_Japan_human

T08_Japan_human

T09_Japan_human

T11i_NZ_bovine

T16_Japan_human

T23_Japan_human

T27a_NZ_bovine

T31_Japan_human

T32_Japan_human
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T33_Japan_human

T35_Japan_human

T39_Japan_human

T41_Japan_human

T43_Japan_human

T45_Japan_human

T48b_NZ_bovine

T49_Japan_human

T53_Japan_human

T59_Japan_human

T61_Japan_human

Té6¢c_NZ_bovine

T67_Japan_human

TC3486_USA_bovine

TC3630_USA_bovine

TC3656_USA_bovine

TC4219_USA_bovine

TC6165_USA_human

TC6167_Switzerland_human

TC6168_USA_human

TC6169_USA_bovine

VC1113e_NZ_bovine

VC1122f_NZ_bovine

VC1125e_NZ_bovine

VC1139e_NZ_bovine

VC1140e_NZ_bovine

VC1186e_NZ_bovine

VC1187e_NZ_bovine

VC1190e_NZ_bovine
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VC1195e_NZ_bovine

VC1196e_NZ_bovine

VC1202e_NZ_bovine

VC1309e_NZ_bovine

VC1310e_NZ_bovine

VC1311e_NZ_bovine

VC1362e_NZ_bovine

VC1366e_NZ_bovine

VC1367e_NZ_bovine

VC1394e_NZ_bovine

VC1395e_NZ_bovine

VC1395f_NZ_bovine

VC1395g_NZ_bovine

VC1396e_NZ_bovine

VC1403e_NZ_bovine

VC1471e_NZ_bovine

VC1471f_NZ_bovine

VC1471g_NZ_bovine

VC1471h_NZ_bovine

VC1473e_NZ_bovine

VC1474e_NZ_bovine

VC1486e_NZ_bovine

VC396e_NZ_bovine

VC397e_NZ_bovine

VC401e_NZ_bovine

VC452e_NZ_bovine

VC456e_NZ_bovine

VC459e_NZ_bovine

VC473e_NZ_bovine
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VC474e_NZ_bovine

VC474f_NZ_bovine

VC474g_NZ_bovine

VC474h_NZ_bovine

VC476e_NZ_bovine

VC479e_NZ_bovine

VC545e_NZ_bovine

VC547e_NZ_bovine

VC550e_NZ_bovine

VC554e_NZ_bovine

VC555e_NZ_bovine

VC833e_NZ_bovine

VC833f_NZ_bovine

VC833g_NZ_bovine

VC833h_NZ_bovine

VC836e_NZ_bovine

VC837e_NZ_bovine

<[ =<|=<|[=<]=<]|=<

VC880e_NZ_bovine

VC932f_NZ_bovine

VC936e_NZ_bovine

VC940e_NZ_bovine

VC943e_NZ_bovine

VC943f_NZ_bovine

VC943g_NZ_bovine

VC943h_NZ_bovine

VC946e_NZ_bovine

VC951e_NZ_bovine

VC955e_NZ_bovine

VL0828h_NZ_bovine
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VL0958f_NZ_bovine

VL1058g_NZ_bovine

VL1277e_NZ_bovine

V0L2020e_NZ_bovine

VL2228e_NZ_bovine

WAPHLECOAO00006_USA _caprine

YBO1_Japan_bovine

YBO02_Japan_bovine

YBO03_Japan_bovine

YBO5_Japan_bovine

YBO06_Japan_bovine

YB13_Japan_bovine

a185¢c_NZ_bovine

a234d_NZ_bovine

e171b_NZ_bovine

e171c_NZ_bovine

e186a_NZ_bovine

e195b_NZ_bovine

e26a_NZ_bovine

e37c_NZ_bovine

ewgs1005_USA_bovine

h148a_NZ_bovine

h148b_NZ_bovine

h199a_NZ_bovine

h199c_NZ_bovine

t126c_NZ_bovine

t128a_NZ_bovine

t173a_NZ_bovine

t25a_NZ_bovine
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| t25¢c_NZ_bovine | | | | | | |
Aminoglycoside genes detected: strA_1, strA_4, strB_1, aac(3)-1ld_1, aac(3)-IVa_1, aadA1_1, aadA1_3, aadA2_2, aph(3')-lla_1, aph(3')-la_1,
aph(3')-lc_1, aph(4)-la_1. aph(6)-lc_1

Beta-lactam genes detected: blaCMY-2_1, blaOXA-1_1, blaTEM-104_1, blaTEM-1A_4, blaTEM-1B_1, blaTEM-1C_5

Macrolide genes detected: erm(B)_18, Inu(F)_1, mph(A)_1, mph(A)_2, mph(B)_1

Phenicol genes detected: floR_2, catA1_1, catB2_1, catB8_1, cmlA1_1

Quinolone genes detected: ogxA_1 o, gxB_1, QnrS1_1

Sulphonamide genes detected: sul1_2, sul2_11, sul2_14, sul2_2, sul2_3, sul3_2

Tetracycline genes detected: tet(34)_1, tet(A)_4, tet(B)_3, tet(B)_4, tet(C)_5

Trimethoprim genes detected: dfrA12_1, dfrA14_1, dfrA1_1, dfrA8_1
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Appendix Figure 1: Heatmap of SNP distances between E. coli serogroup O26 isolates (n=66); GREEN indicates larger SNP distances (dissimilar

isolates), while RED indicates smaller SNP distances (very similar isolates)
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Appendix Figure 2. Maximum likelihood real branch length core and accessory genome trees of E.
coli serogroup 026 isolates (n=404), annotated with country
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Tree scale: 10
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Appendix Figure 3. Neighbor-joining tree of virulence genes (n=192) of serogroup 026 isolates
(n=404) with real branch lengths annotated by country
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Appendix Figure 4: Maximum clade credibility tree of time of most recent common ancestor
(TMRCA\) analysis of E. coli serogroup 026 sequence type 21 (ST-21) isolates (n=344), annotated
with posterior probability of tree branches. All convergence dates are annotated with 95% HPD

intervals from the age of the newest isolate (2017.5 in decimal years)
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€195b_NZ_bovine
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631KH91_Belgium_bovine
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[7.08,8.25]
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(60.11,86.58]

E595_NZ_bovine
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H31c_NZ_bovine
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TC6167_Switzerland_human

36293_France_human
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36348_France_human

2010C4800_USA_human

Appendix Figure 5:

Maximum clade credibility tree of time of most recent common ancestor

(TMRCA) analysis of E. coli serogroup 026 sequence type 29 (ST-29) isolates (n=48), annotated

with posterior probability of tree branches. All convergence dates are annotated with 95% HPD

intervals from the age of the newest isolate (2017.0411 in decimal years)
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