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Abstract
Human infection with Escherichia coli O157 is uncommon but potentially fatal. The
organism is regularly present as a commensal in the gastrointestinal tract of cattle.
Unravelling the epidemiology of E. coli O157 in cattle has been a complex task.
Research over the past quarter century has improved the understanding, although
substantial shortfalls remain. The main aim of this thesis was to increase knowledge
of the dynamics of shedding of E. coli O157 in grass-fed beef cattle. In order to fulfil
this aim, it appeared that new approaches were needed, particularly with respect to
study design and analytical method. Initially, the research evaluates the usefulness of
factors reported in the literature to be associated with E. coli O157 shedding by
cattle, using the extent of agreement amongst experts as an indicator of utility. It was
identified that only limited agreement existed between experts in E. coli O157,
especially regarding the effectiveness of control measures and the nature of “super
shedding”. Moreover, a field study was performed to explore in detail the temporal
dynamics of E. coli O157 in individual cattle over a prolonged period of time and to
identify animal, management and climate variables associated with the shedding of
E. coli O157. Findings indicate a distinctive pattern of shedding over time,
particularly linked to rainfall, and synchronisation of shedding amongst cattle.
Results of a second field study, in which individual cattle in a small beef herd were
tested for E. coli O157 at daily and bi-daily intervals, showed that shedding of the
pathogen at both the individual and herd level was unpredictable and chaotic.
Furthermore, no cattle were observed to persistently shed a high concentration of the
pathogen, further refuting the utility of the term “super shedding”. A simulation
model was devised for investigating the cost and sensitivity of detection based on
pooling of samples. Pooling has potential to affordably expand study of the shedding
characteristics of beef herds to achieve a level of external validity needed for real
progress in control of the pathogen.
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1 Introduction
1.1 Historical background
Food safety has become a concern of paramount importance to consumers in the
developed world. Several major issues in the last three decades involving food
animal species, especially cattle, have increased the awareness of the safety of beef
products. These issues include Bovine Spongiform Encephalopathy (BSE),
antimicrobial resistance, and Shiga toxin-producing Escherichia coli (STEC). BSE
was first identified in cattle in 1985 and persists well into the new millennium
(Ducrot et al., 2008). Various forms of antimicrobial resistance as found in
pathogens such as Salmonella typhimurium DT104 have been problematic since
1988 and are of growing concern (Mather et al., 2013). STEC first achieved
notoriety as a contaminant of beef and horticultural products in the early and mid
1990’s (Meng et al., 2013). The latter problem of STEC has a particularly critical
place in food safety since the factors leading to STEC colonisation of cattle remain
poorly understood despite a quarter of a century of extensive and credible research.
In contrast, the factors leading to the BSE outbreak and proliferation of antimicrobial
resistance are comparatively better elucidated. The intention of the following work is
to address some of the reasons behind the research communities’ limited success in
defining the biological basis for the ubiquitous occurrence of E. coli O157:H7/NM
(further referred to as E. coli O157) in bovines. This lack of success has occurred
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despite the potent economic and public health impact of E. coli O157 over several
decades.

1.2 Escherichia coli
E. coli are one of the most prolific components of the microflora of the
gastrointestinal tract of humans and animals. They are a diverse and complex group
of organisms historically differentiated according to serological assessment of their
surface structure. Although the vast majority of E. coli serotypes are harmless and
appear essential for maintaining the proper functioning of the gastrointestinal tract,
there is a small proportion of E. coli strains that are pathogenic and capable of
causing disease in humans, animals or both (Donnenberg and Whittam, 2001). The
three major surface antigens used in serotyping are: O (somatic), H (flagella) and K
(capsule) antigens (Kauffmann, 1947; Nataro and Kaper, 1998). Using this system
more than 700 serotypes of E. coli have been identified so far (Chaudhuri et al.,
2008). The O antigen defines the serogroup of a strain, whereas the H (and
sometimes K) antigen defines its serotype. In addition to serotyping, E. coli
pathogenic for humans have also been classified into six different pathogenicity
groups according to their clinical features, virulence and adherence properties. The
six groups are: enteropathogenic E. coli (EPEC), enteroinvasive E. coli (EIEC),
enterotoxic E. coli (ETEC), enterohaemorrhagic E. coli (EHEC), enteroaggregative
E. coli (EAEC), and diffusely adherent E. coli (DAEC) (Nataro and Kaper, 1998).
The work in this thesis will be focused on a specific member of the EHEC group that
is ubiquitous in the global cattle population.
Several E. coli strains that are known to be pathogenic to humans are found in the
EHEC group (Myron et al., 1987). Generally the definition EHEC is used to refer to
the subgroup of cytotoxin producing E. coli that are able to cause haemorrhagic
colitis (HC) and haemolytic uremic syndrome (HUS) in humans. These cytotoxins
are either called Verocytotoxins (VT), because of their toxicity to Vero cells, or
Shiga toxins (stx), because of their similarity to the toxins produced by Shigella
dysenteriae type 1 (Strockbine et al., 1985; Strockbine et al., 1988). Consequently,
E. coli bacteria that produce these toxins are called Verocytotoxin-producing E. coli
16

(VTEC) or Shiga toxin-producing E. coli (STEC). The production of stx alone is not
sufficient to cause disease in humans and therefore only a minority of STEC are
considered as potential human pathogens (Blanco et al., 1996; Tarr and Neill, 1996).
Karmali and colleagues (2003) classified multiple serotypes into “seropathotypes”
based on the reported occurrence of serotypes in human disease, frequency of
involvement in outbreaks and association with severe disease (e.g. HUS). The
serotypes are categorized in five groups (A-E) ranging from the most pathogenic
serotypes (A) to those that have never been associated with human disease (E)
(Table 1.1). E. coli O157:H7 and O157:NM are the most important serotypes
according to their ability to induce disease. E. coli O157:H7 strains are also referred
to as non-sorbitol-fermenting E. coli O157 strains. Their inability to ferment sorbitol,
in contrast to most other E. coli strains, is used for identification. E. coli O157:NM
strains are non-motile, however still capable of causing severe disease (Ammon et
al., 1999; Rosser et al., 2008). In this thesis no distinction will be made between
E. coli O157:H7 and O157:NM on the basis that both strains can cause severe
disease in humans.
E. coli O157 has been reported as the predominant cause of EHEC-associated
disease in the United States, the United Kingdom, Argentina and Australia (Elder et
al., 2000; Lynn, 2005; Masana et al., 2010; Vally et al., 2012), while non-O157
EHEC (e.g. O26, O111, O103) are noted as the predominant strains associated with
HUS in Europe (European Centre for Disease Control and Prevention, 2013). In
Australia E. coli O157 outbreaks are rare, especially compared to Salmonellosis and
Campylobacteriosis (Kirk et al., 2014). However, the consequences for
approximately 10% of the people infected with E. coli O157 are very severe. The
health care costs of patients with STEC infections in Australia are estimated at 2.6
million a year, not including the costs of the beef industry efforts in prevention and
the product recalls in the export market with containers of beef testing positive
mainly at the port of entry in the USA (McPherson et al., 2011).
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This literature review will present a brief introduction of the pathogenicity and
virulence factors of E. coli O157, the epidemiology of the pathogen in humans and in
cattle.

1.3 Pathogenicity and virulence factors
1.3.1 Adherence and colonisation
Diverse potential virulence factors are used by E. coli O157 in order to cause severe
disease in humans. Two of the extensively discussed characteristics of E. coli O157
are the ability of adherence to the intestinal epithelium and the production of toxins
that can act locally or systemically, creating damage to organs or other areas within
the body (Sjogren et al., 1994; Nataro and Kaper, 1998; Ethelberg et al., 2004; La
Ragione et al., 2005). Attaching-and-effacing (AE) lesions have been found in small
ruminants related with E. coli O157 colonisation (Janke et al., 1989; La Ragione et
al., 2005; Wales et al., 2005; La Ragione et al., 2006). AE lesions are formed by E.
coli O157 on the mucosal epithelium in the large intestine. The lesions are
characterised by intimate adherence between the bacteria and the epithelial cell
membrane, local destruction of microvilli, and the forming of pedestal-like structures
(Nataro and Kaper, 1998). The production of AE lesions has been identified to
probably be the primary contributor of intestinal E. coli O157:H7 colonisation (La
Ragione et al., 2005; La Ragione et al., 2006). A high frequency and density of AE
lesions was found in the gastrointestinal tract of goat kids and lambs experimentally
infected with E. coli O157:H7 in both studies of La Regione and colleagues (2005;
2006). In the first study, AE lesions were co-located with cryptosporidia due to a
coincidental infection with Cryptosporidium parvum (La Ragione et al., 2005). The
second study divided the experimental groups into conventionally reared and
colostrum deprived lambs. Three out of four lambs examined post mortem (two
colostrum deprived and one conventional reared) showed numerous AE lesions (La
Ragione et al., 2006). In contrast, Woodward et al. (2003) found that AE lesions
related with E. coli O157:H7 are extremely small and sparse in infected animals.
Both studies by La Ragione and colleagues (2005; 2006) showed a possible
relationship between AE lesions and E. coli O157 colonisation. However, both had
18

an additional factor in their study (co-infection with Cryptosporidium parvum or
colostrum deprivation vs. conventional rearing) which likely influenced E. coli O157
colonisation and lesion forming. Though La Regione and others may be proven right
regarding their conclusion that the production of AE lesions is the primary
contributor of intestinal E. coli O157:H7 colonisation, the influence of other factors
on intestinal E. coli O157:H7 colonisation must not be disregarded.
All genes required for the production of AE lesions are encoded on a pathogenicity
island called the locus of enterocyte effacement (LEE), which consists of three
functionally different modules: a type 3 secretion system (T3SS), secretion proteins,
and a translocated intimin receptor (Tir) (Delahay et al., 2001). The secretion
proteins are injected into the host cell by the T3SS with a ‘needle and syringe’
structure. E. coli O157 uses this structure to inject virulence factors from the bacteria
through the T3SS needle directly into the host cell (Elliott et al., 1998; Garmendia et
al., 2005). The importance of the T3SS in the colonisation of E. coli O157 in cattle
has been investigated. Naylor et al. (2005) concluded that the ability to colonise
cattle reduces after the deletion of structural components of the T3SS. This indicates
that it is likely that the T3SS plays an essential role in E. coli O157 colonisation in
cattle. The translocated intimin receptor (Tir) is an important secreted protein which
is injected into the host cell. Once Tir is within the host cell, it is inserted into the
host cytoplasmic membrane. Here, Tir will interact with intimin (a LEE-encoded
surface protein) so that a tight attachment between the bacteria and the host cell is
formed (Kenny et al., 1997; Nataro and Kaper, 1998).

1.3.2 Shiga toxin
Many studies report that the production of Shiga toxin is essential to the
pathogenesis of bloody diarrhoea and HUS (Ethelberg et al., 2004; Tarr et al., 2005).
Sjogren et al. (1994) demonstrated that stxs are important in causing intestinal
mucosal damage by using a natural pathogen of rabbits, RDEC-1, which produces
AE lesions but lacks the production of stxs. Researchers infected the pathogen with a
stx1 converting bacteriophage after which the virulence of the non-toxigenic parent
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and the toxigenic derivative were compared in rabbits. They found that infection
with the derivative produced more severe disease, with more serious histological
lesions including oedema and severe inflammation, than infection with the parent
non-toxigenic isolate (Sjogren et al., 1994). Conversely, E. coli O157 isolates
lacking stx genes have been isolated from patients with diarrhoea and HUS (Schmidt
et al., 1999), which implies that stxs are not required to cause disease.
There are several variants of stx1, including stx1a, stx1c and stx1d and numerous
variations of stx2, including stx2a until stx2g (Fuller et al., 2011). Many studies
show that infection with stx2 producing E. coli is more likely to cause the severe
complication HUS compared to infection with E. coli that produces stx1 (Siegler et
al., 2003; Ethelberg et al., 2004; Persson et al., 2007; Fuller et al., 2011). Ethelberg
et al. (2004) and Persson et al. (2007) based their results on data obtained from 425
and 255 human cases with STEC infections. Both studies found that almost all cases
of HUS (86% - 100%) were associated with stx2. These results were confirmed by
Siegler et al. (2003), who developed a primate model of stx mediated HUS to support
the results found in epidemiological, mouse and cell culture studies. Siegler et al.
(2003) found that the administration of stx2 caused HUS, while the administration of
stx1 did not. It is worth mentioning that the number of animals used by Siegler and
colleagues was very small, but they do report a significant difference of serologic
values between the animals that received stx2 and those that received stx1 or the
animals in the control group. In line with the above mentioned findings are the
results from a study on the geographic divergence of E. coli O157 isolates from
Australia and the United States (Mellor et al., 2013b). Although the prevalence of
E. coli O157 in cattle faeces are similar for both countries, the rates of human
infection differ substantially with a 7-fold greater incidence of infection in the
United States (Vally et al., 2012). Mellor and colleagues found that stx1-argW
carriage was only observed in the Australian isolates and the frequency of stx2
carriage in the strains from the United States was much greater. It is likely that the
difference in stx genes contributes to the differences in the incidence of E. coli
O157-associated human disease in Australia and the United States.
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Stx consists of two major subunits, A and B (Paton and Paton, 1998). A pentamer is
formed by the B subunit that binds to a glycolipid receptor, globotriaosylceramide-3
(Gb3), which is expressed on the cell surface by a range of epithelial and endothelial
cells (Lingwood et al., 1987). In humans, stx released by EHEC in the large
intestines binds to endothelial cells expressing Gb3. This leads to absorption into the
bloodstream and the spread of the toxin to other organs (Sandvig, 2001). The lack of
vascular receptors for stx in cattle is the most likely reason why E. coli O157
infections remain asymptomatic in the bovine reservoir host (Pruimboom-Brees et
al., 2000).
Research has shown that in addition to the stx genotype, host factors such as age,
pre-existing immunity, and the use of antibiotics are as important in the development
of HUS (Karmali, 2009). The use of conventional antibiotics has been reported to
aggravate the cytotoxicity of stxs. This was confirmed by a study reporting that
patients treated with antibiotics for enteritis related to EHEC had a greater risk for
developing HUS (Slutsker et al., 1998). At this stage, no treatment is available for
patients infected with EHEC (Goldwater and Bettelheim, 2012).

1.4 E. coli O157 in humans
1.4.1 Introduction
E. coli O157:H7 was first recognized as a possible food-borne pathogen in the
United States in 1982 after two outbreaks of haemorrhagic colitis in the states of
Oregon and Michigan related to eating hamburgers from a fast food chain (Wells et
al., 1983). Ever since, numerous E. coli O157 outbreaks have been reported with
large outbreaks occurring in Scotland, England, the US, Canada and Japan
(Pennington, 1998; Michino et al., 1999; Willshaw et al., 2001; Woodward et al.,
2002; Uhlich et al., 2008). In the 1990’s, outbreaks of human disease caused by
E. coli O157 were predominantly associated with consumption of beef products
(Rangel et al., 2005). A large foodborne outbreak of E. coli O157:H7 was reported in
1993 in four western states of the United States (Bell et al., 1994). More than 700
people became ill, over 25% of whom were hospitalised, 7.5% developed HUS, and
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0.5% (four children) died. All victims had consumed undercooked hamburgers
supplied by a fast food chain. An additional outcome was the recall of more than
250,000 raw (frozen) hamburger patties in storage awaiting consumption (Tuttle et
al., 1999).
The realisation that severe illness in humans due to E. coli O157 could arise from
consumption of undercooked ground beef was the catalyst for major regulatory
intervention in the United States following the 1993 outbreak. The measures were
aimed at enhancing the control of this pathogen in meat destined for grinding and use
in comminuted products. These changes include the classification of E. coli
O157:H7 as an adulterant in raw ground beef in 1994 (Food Safety Inspection
Service, 2007), the expectation to test each lot of ground beef or ground beef patties
for E. coli O157:H7, and the expectation to test each lot using a robust sampling
program, e.g. collecting 60 small slices of meat originating from the surface of the
carcass (Wilcock, 2012). The primary focus was ground beef because of the
translocation of surface pathogens into the deep internal tissues of the final product,
giving the bacteria more chance to survive when products are undercooked. Since
then regulations in the US and elsewhere have been further tightened in an attempt to
further reduce the risk to consumers.

1.4.2 Recent outbreaks
In recent years, there has been an increasing trend for outbreaks to be attributed to
horticultural products and direct contact with animals. Some examples include an
outbreak of E. coli O157 in August-September 2009 in the United Kingdom where
93 people were affected after visiting an open petting farm (HPA, 2010), more than
300 human E. coli O157 cases in May 2011 in Japan linked to rice cakes (Nabae et
al., 2013), over 3200 cases following E. coli O157 and Campylobacter
contamination of municipal water in Canada (Garg et al., 2005), and 57 human cases
of E. coli O157 infection in September 2013 in Australia associated with animals at a
state fair (Communicable Diseases Intelligence (CDI) report, 2013). The largest
outbreak to date was reported in Japan in 1996, affecting over 9000 people with
contaminated white radish sprouts from one particular farm as the cause of the
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outbreak (Michino et al., 1999). These incidents both reflect greater sensitivity of the
investigations and the growing understanding of E. coli O157 as a contaminant of
faecal origin thereby having potentially multiple pathways by which humans can
become exposed to a sufficient dose of organism to cause illness.

1.4.3 Sources of infection
Humans become infected through foodborne or environmental pathways, with the
source of infection being the contamination of food or environment with cattle faeces
(Chapman et al., 1993). Food products of bovine origin that have been associated
with E. coli O157 infection are ground beef (Gómez-Aldapa et al., 2013; Sallam et
al., 2013), undercooked hamburgers (Tuttle et al., 1999; Kassenborg et al., 2004),
(unpasteurised) sausages (Williams et al., 2000; Sartz et al., 2008), unpasteurised
milk (Keene et al., 1997), cheese and ice cream (made from unpasteurised milk)
(Honish et al., 2005; Rahimi et al., 2011). Also vegetables such as radish sprouts
(Michino et al., 1999), lettuce, salads and spinach (Marder et al., 2014), pickles
(Ozeki et al., 2003) and potatoes (Chapman et al., 1997b). Other products that have
been associated with E. coli O157 infection are unpasteurised apple cider (Besser et
al., 1993), mayonnaise (Zhao and Doyle, 1994) and cookie dough (Neil et al., 2012).
In addition to the foodborne transmission routes, some large waterborne outbreaks
have also occurred (Garg et al., 2005) and person-to-person and animal-to-person
transmission have been found to play an important role in sporadic cases (Belongia
et al., 1993; Crump et al., 2002).

1.4.4 Disease in humans
The effects of infection with E. coli O157 range from asymptomatic, through mild
diarrhoea, bloody diarrhoea, to severe complications such as HUS, thrombotic
thrombocytopenic purpura (TTP) and even death. Clinical symptoms show after
approximately three days (varying from 2 to 12 days) (reviewed by Tarr et al., 2005)
and about 85% of the patients recover within ten days. A severe infection can be
caused by fewer than nine bacteria (Hara-Kudo and Takatori, 2010). Development of
HUS is associated with the presence of the eae gene, the stx2 gene, and age of the
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patient (<7 yr old) (Ethelberg 2004) and children younger than ten years old are
particularly susceptible for developing HUS (reviewed by Tarr et al., 2005). The
evidence suggests that age-related immunity affects the susceptibility to disease,
although the particular reason why children are so susceptible is not well understood.

1.4.5 Epidemiology of disease caused by E. coli O157 in humans
Human illness due to E. coli O157 are reported to show a seasonal pattern, with a
greater level of cases in summer (Ostroff et al., 1989; Wallace et al., 2000; Rangel et
al., 2005). The reason for this seasonal pattern is unknown, but it has been suggested
that it is related to the similar seasonal changes in prevalence in cattle (Besser, 1999;
Rangel et al., 2005). Different cooking practices over summer, e.g. barbequing,
variations in the consumption of ground beef or changes in outdoor activities could
all have an effect on variation in human exposure and ingested dose.
In Australia, 58% of all STEC infections between 2001 and 2009 were attributed to
E. coli O157. Over the same period the annual rate for E. coli O157 infections was
0.12 cases per 100,000 and the annual rate for HUS was 0.07 cases per 100,000
(Vally et al., 2012). Valley and colleagues found that the number of females (n=29)
notified with HUS was much greater than the number of males (n=15) in the 16-60
year age group. In addition they found that children (< 5 years) in Australia were at
greater risk for developing HUS, as noted above for North American and European
studies. However, the incidence of human E. coli O157 infections in Australia is
substantially lower compared to the incidence in many other countries. For example
in Scotland the annual incidence of E. coli O157 infections was 4.3 cases per
100,000 per year, in 1998-2007 (Pearce et al., 2009). In the US, for the period 20002006, an incidence of 1.5 cases per 100,000 per year was found (Gould et al., 2009).

1.5 E. coli O157 in cattle
1.5.1 Structure of the Australian cattle population
In 2012-2013 the total cattle population in Australia was estimated to be
approximately 29.3 million head, with 13.4 million beef cows and heifers (Table
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1.2). The total number of properties with cattle was 76,807 (Australian Bureau of
Statistics, 2014). The industry is thus very large by international standards and
provides a major amount of beef product to domestic and international markets.
Under these circumstances the control of E. coli O157, despite the low rate of illness
in Australians noted above, is paramount for supporting the trade in beef products.

1.5.2 Epidemiology in cattle
Healthy cattle have been shown to transiently host E. coli O157 (Wells et al., 1991;
Hovde et al., 1999; Galland et al., 2001; Meyer-Broseta et al., 2001) and exhibit no
symptoms of infection even when shedding at levels exceeding 106 colony-forming
units (CFU)/g of faeces (Sanderson et al., 1999; Robinson et al., 2004). While most
studies have shown a lack of pathogenicity in calves (Brown et al, 1997; Cray and
Moon, 1995), disease has been demonstrated in neonatal calves (Dean-Nystrom et al,
1997), suggesting that age might play a role in pathogenicity in this species, similar
to the effect observed in humans. One study detected no pathogenic effects after
inoculation of 1010 CFU/ml in calves ranging from 3 to 14 weeks of age (Cray and
Moon, 1995; Brown et al., 1997). However, in a separate study by Dean-Nystrom
and colleagues (1997), calves younger than 36 hours inoculated with 1010 CFU/ml of
E. coli O157:H7 were shown to develop diarrhoea and inflammation with AE lesions
in the large and small intestines. In this study it was found that AE lesions were less
frequent and less extensive in calves inoculated at 30 to 36 hours of age than in
calves inoculated before they were 12 hours old. This shows a greater virulence of E.
coli O157:H7 in the younger calves (<12 hours) compared to the older calves (30 to
36 hours), suggesting that E. coli O157 pathogenicity may be age related. On the
other hand, the calves that were <12 hours old when inoculated with E. coli O157
were all colostrum-deprived. Colostrum typically has bactericidal properties, and
was shown in the study of Dean-Nystrom and colleagues (1997) to have stx1 and
O157 antibodies that should help mitigate the effects of E. coli O157. Therefore it
would be interesting to see if the AE lesions at this young age would be mitigated
through colostral intake within the first 12 hours of life. It is likely that there would
be a reduction of the effect.
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Age related differences are also investigated in the prevalence of E. coli O157.
Several studies report that animals that most often shed E. coli O157:H7 are calves
from weaning up to 12 months old. For example Paiba et al. (2003) found that the
pathogen was isolated most frequently from animals aged 2 to 12 months. After 12
months there was a decline in prevalence of infection and calves less than two
months of age were least likely to be infected. This strong effect of age on the
excretion of E. coli O157 has also been observed in numerous other studies
(Hancock et al., 1997; Heuvelink et al., 1998b; Nielsen et al., 2002). Nielsen et al.
(2002) found that the highest risk age for excretion was between two and six months
of age, with a mean prevalence for this group being 8.6%. In contrast, 0.7% of calves
<2 months and 2.4% of cows >24 months excreted E. coli O157. Another study
observed that within seven positive farms the highest excretion rate was in calves
between 4 and 12 months old (21.7%), followed by cattle older than three years
(10.7%), calves younger than four months (6.7%), heifers of one to two years
(3.7%), and cows of two to three years (2.2%) (Heuvelink et al., 1998b). Hancock et
al. (1997) observed a greater prevalence in weaned heifers (1.8%) compared to
unweaned calves (0.9%) or adults (0.4%). All these studies support each other by
indicating that the prevalence of E. coli O157 excretion is greater in immature cattle
than in adult cattle.
The greater prevalence in younger animals is consistent with greater numbers
(CFU/g of faeces) and longer durations of shedding observed in calves
experimentally infected with E. coli O157 (Cray and Moon, 1995). According to
Paiba et al. (2003), the period of highest excretion corresponds with the period in
which most calves are being weaned and grouped together. During this period major
dietary and management changes take place that influence immunologic function,
microbial flora, and ruminal volatile fatty acid production. These changes may create
a gastrointestinal environment favourable to E. coli O157.

1.5.3 Site of colonisation
At present, there is the understanding that cows can be either ‘transiently infected’
by E. coli O157:H7, whereby the pathogen is passaged over a time period without
26

colonising host tissue, or ‘colonised’ whereby the pathogen attaches to host tissue
and multiplies (Chase-Topping et al., 2008). The site of colonisation within the
gastrointestinal tract of cattle has been extensively studied, with conflicting results.
Brown et al. (1997) recovered E. coli O157:H7 from numerous sites within the
gastrointestinal tract, with the highest recovery rate in the forestomachs. Cray and
Moon (1995) also detected the pathogen at several sites throughout the
gastrointestinal tract but recovered the highest numbers in the cecum and colon.
Neither of these studies found evidence of E. coli O157:H7 adhesion to the mucosal
surfaces. Naylor et al. (2003) found that the counts of E. coli O157:H7 from samples
taken close to the recto-anal junction (RAJ) were substantially greater than samples
taken from any other mucosal surface. Using fluorescence microscopy adherent
E. coli O157 bacteria were detected on the epithelial surface around the RAJ from
animals that were shedding at 14 or 28 days. This finding was supported by Low et
al. (2005), who identified significant numbers of E. coli O157:H7 and AE lesions at
the RAJ of naturally colonised cattle. Results from Baines et al. (2008) were not
consistent and showed that the recto-anal junction is not more important compared to
other intestinal sites for E. coli O157 infections in cattle. Baines et al. (2008)
observed mild to severe pathologies associated with E. coli O157:H7 colonisation in
the small and large intestine of experimentally infected cattle that were shedding for
more than 4 months. The mucosa of the jejunum and ileum were most severely
affected and showed extensive dark red erythema and oedema. Where Baines et al.
necropsied animals with known shedding history and separated the animals by nonpersistent, moderately persistent and persistent shedding, both studies by Low et al.
(2005) and Naylor et al. (2003) had no data on shedding history of the animals. In
addition, Low et al. only examined the area around the RAJ and did not examine any
other parts of the gastrointestinal tract, making it impossible to draw conclusions
about a primary site of colonisation. Numerous other studies have continued to
discuss that the RAJ is the primary site of colonisation in cattle (Naylor et al., 2005;
Cobbold et al., 2007; Walker et al., 2010). Researchers have used these assumptions
to invent a practical sampling strategy, recto-anal mucosal swabs (RAMS), for
detection of E. coli O157:H7 in cattle (Cobbold et al., 2007; Fox et al., 2008b).
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Several studies found a correlation between RAJ colonisation and faecal excretion
prevalences (Low et al., 2005; Cobbold et al., 2007; Lim et al., 2007). However,
there are also studies that report greater detection rates from faecal samples
compared to RAMS (Khaitsa et al., 2005; Niu et al., 2008; Williams et al., 2014b). It
is questionable whether RAMS can be used as a substitute for faecal sampling.

1.5.4 Prevalence
Longitudinal studies of E. coli O157 shedding in cattle have shown that most farms
and feedlots have animals that are shedding E. coli O157 at some point in time
(Heuvelink et al., 1998b; Gannon et al., 2002; Sargeant et al., 2003; Robinson et al.,
2004). Large differences in the overall prevalence within a cohort over time have
been previously reported, suggesting shedding is a variable process (Khaitsa et al.,
2003).
Prevalence of E. coli O157 in cattle varies considerably between countries as well as
within countries. Reported prevalence of E. coli O157 in cattle from different
countries is presented in Table 1.3. It is often very difficult to compare results
between different studies or countries due to different study designs and
methodologies. Therefore, to enhance comparability, all studies selected for
presentation in Table 1.3 used immunomagnetic separation (IMS) to detect E. coli
O157 in faeces. The variation in prevalence between and within countries may, in
part, be due to the intermittent nature of E. coli O157 shedding, which will likely
influence prevalence estimates (Robinson et al., 2004; Matthews et al., 2006b).

1.5.5 Risk factors
Over the last two decades more than 500 papers have been published on E. coli O157
in cattle, with many making inferences about risk factors for colonisation or
shedding. The identification of risk factors using established elements of design (e.g.
cross section sampling) and analysis (e.g. logistic regression models) has received
emphasis in E. coli O157 research perhaps because it is a standard approach to
understanding disease. There are difficulties to applying this approach in the case of
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risk factors for the shedding of E. coli O157 in bovine faeces. One major problem is
that shedding through time has been shown to be highly variable (Robinson et al.,
2004; Williams et al., 2015b), which makes it challenging to identify risk factors for
the excretion of this pathogen. Measurement error will also have a significant impact
on the capacity to determine shedding; particularly when the shedding concentrations
are low misclassification is more likely to occur. Still, many studies present findings
about the impact or lack of impact of potential risk factors (Table 1.4). The most
prominent of these risk factors will be discussed in the following sections.

1.5.5.1 Influence of season
Numerous studies have described associations between season and E. coli O157:H7
faecal shedding in cattle, carriage on retail meat products, and human infection
(Chapman et al., 2000; Wallace et al., 2000; Edrington et al., 2006). They reported
that faecal shedding was found to be low in winter, and increased in spring to peak
levels in summer, then decreased in late autumn and returned to low levels in winter
(Chapman et al., 1997a; Hancock et al., 1997; Van Donkersgoed et al., 1999). In
addition, Chapman et al. (2001) observed that most E. coli O157 strains recovered
from ground beef were isolated in summer months. However, a number of studies
(all carried out in Great Britain) report a lack of convincing seasonal pattern (Alam
and Zurek, 2006; Ellis-Iversen et al., 2009; Pearce et al., 2009; Smith et al., 2010).
These differing results show the uncertainty regarding whether shedding is a
seasonal phenomenon or not, and raise the possibility of there being interactions
involving location and seasonality effects. Since most studies gathered data over a
period of one year or less (Chapman et al., 1997a; Van Donkersgoed et al., 1999;
Chapman et al., 2000; Wallace et al., 2000; Alam and Zurek, 2006; Ellis-Iversen et
al., 2009; Smith et al., 2010), which is insufficient to conclude whether peaks in
prevalence are part of an ongoing seasonal pattern, it is difficult to rely on much of
the information that has evaluated the effect of season.
The factor that is mainly suggested to affect seasonality of E. coli O157:H7 is
temperature (Kondo et al., 2010; Williams et al., 2015c). According to Edrington et
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al. (2006) it is possible that higher temperatures during summer provide more
suitable environments for E. coli O157:H7 in soil, bedding material, feed and water,
which results in a more constant source of infection or reinfection for cattle.
Therefore, Edrington and colleagues expected that in the northern hemisphere a
greater prevalence of E. coli O157:H7 in southern compared to northern regions
would exist. They compared prevalence data of human outbreaks and found that
Canada and northern regions of the United States accounted for a greater number of
human outbreaks of E. coli O157 than southern regions (Griffin and Tauxe, 1991;
Hancock et al., 2001). However, since prevalence of infection in humans can depend
on a range of varying factors, from outdoor activities to preference of preparation of
their meat which may also vary with season, studies measuring prevalence of
shedding in cattle through time cannot be replaced by surveillance data on human
infections. Nevertheless, Edrington and colleagues (2006) devised a new hypothesis
in order to explain the difference in seasonality of the pathogen and the occurrence
of human outbreaks. They used nine studies to assess the relationship of temperature
and day length to faecal shedding of E. coli O157 in cattle and found a correlation
between day length and, to a lesser extent, temperature and the prevalence of E. coli
O157 in cattle. Based on these results they conducted a study in a commercial
feedlot to examine the effect of artificial lighting on E. coli O157 prevalence. After
25 and 53 days of artificial lighting and 29 and 43 days following cessation of the
treatment, fresh faecal pats (representing approximately 30% of the steers/pen) were
collected and tested for E. coli O157. They concluded that the faecal prevalence of
E. coli O157 remained constant in the pens (n=4) that received five hours of artificial
lighting daily (in addition to the natural light) whereas prevalence decreased over
time in the control group (n=4). The prevalence of the treatment group decreased to
levels comparable to control levels 43 days after cessation of the treatment. Yet, with
only two measurement points (one during treatment and one after cessation), it is
unfounded to report on prevalence patterns over time. The highly variable nature of
shedding makes point prevalence measurements very unreliable.
Day length is known to have numerous effects on animal behaviour and physiology.
For example, seasonal breeding in sheep, with the reproductive cycle starting as day
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length decreases (Legan and Karsch, 1979) and developing a “dormant” immune
system to cope with the energetically demanding winter months, stimulated by
decreasing day length. These changes are partly mediated by hormones produced by
the pineal and thyroid glands (Nelson and Drazen, 1999). Edrington et al. (2006) and
Schultz et al. (2005) believe that seasonality of excretion of these hormones has
interesting similarities to the seasonal prevalence of E. coli O157:H7 and claim that
seasonal shedding patterns of this pathogen result from changing day length and
subsequent physiological changes within the host. This claim is supported by one
study in which it was suggested that melatonin may be involved in gastrointestinal
tract populations and faecal shedding of E. coli O157:H7 in cattle (Edrington et al.,
2008). While seasonal shedding of this pathogen is reported for some locations and
generally accepted as a real phenomenon, plausible explanations of the underlying
mechanism are lacking. The validity of findings on day length is questionable given
the study design and analysis approach relied on and the absence of any
corroborating evidence from other locations.

1.5.5.2 Influence of diet
The effect of diet on the prevalence and shedding of E. coli O157 in cattle is another
extensively studied area. The influence of grain type, processing method, forage
quality and distillers grains have all been associated with E. coli O157 prevalence in
cattle faeces, yet findings are often conflicting and studies are rarely repeated to
confirm initial conclusions.
Effects of differing production systems on the prevalence or concentration of E. coli
O157 in faeces of cattle have been studied. A longer shedding period of E. coli O157
in cattle on forage based diets compared to animals on grain based diets has been
reported (Hovde et al., 1999; Van Baale et al., 2004). Van Baale and colleagues
(2004) used 12 ruminally cannulated cattle adapted to forage or grain diet to
investigate the effects of diet on concentration and duration of faecal shedding of E.
coli O157:H7. Following inoculation with E. coli O157:H7, faecal samples were
collected three times a week for four weeks and twice a week for the next seven
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weeks. They observed that cattle on a forage diet had a greater concentration and
longer duration of shedding than cattle on a grain based diet (Van Baale et al., 2004).
This is in agreement with a study that reported a longer duration of excretion of E.
coli O157:H7 in cattle on forage diets compared to those on grain diets (Hovde et al.,
1999). The duration of faecal shedding could be related to ruminal changes due to
fermentation of feed. Research has reported that bacterial growth may be inhibited
by the combination of low pH and high volatile fatty acid concentration (Rasmussen
et al., 1993). In further work, this group observed the combination of low pH and
high volatile fatty acid concentration in cattle on diets high in grain, whereas lower
volatile fatty acid concentrations and greater pH were seen in forage-fed cattle
(Rasmussen et al., 1999). This suggests that cattle on high grain diets have a less
suitable environment for the growth of E. coli O157 compared to cattle on forage
diets. Yet, several studies observed that cattle fed high grain diets have a large
amount of acid resistant E. coli O157:H7 (Tkalcic et al., 2000) or generic E. coli
cells, compared to cattle on pasture (Diez-Gonzalez et al., 1998). E. coli bacteria are
able to develop acid resistance when they grow in a mildly acidic environment.
Grown in an environment at neutral pH, E. coli will be acid sensitive and killed by
the acid shock of gastric juice (Benjamin and Datta, 1995). Another study did not
find any difference in the number of acid resistant cells between grain-fed and hayfed cattle (Hovde et al., 1999). These contradictory results imply that differences in
acidic environment may play a role in the influence of diet on faecal shedding.
Notably, however, the effect of pH has not been well quantified in a robust study
design and the practical benefit may not be large considering the barriers to
manipulating diet in commercial animal production.
Tkalcic and colleagues (2000) experimentally inoculated calves and found that
calves fed a high grain diet indeed had a lower rumen pH and a greater mean volatile
fatty acid concentration compared to calves fed a high roughage diet, however, they
did not observe lower populations of E. coli O157 in the calves on the high grain
diets. This result is supported by an Australian study that investigated the prevalence
and concentration of E. coli O157 in faeces of cattle from different production
systems at slaughter, reporting no difference in feedlot compared to pasture fed cattle
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(Fegan et al., 2004). Remarkably, only the study by Fegan and colleagues involved
animals that naturally excreted E. coli O157. All other studies, reporting various
results, used experimentally inoculated cattle. The behaviour of inoculated
laboratory-strains may differ from natural occurring strains. A dose effect and
immune effect may also occur, subsequently influencing study outcomes. Thus,
studies using experimentally inoculated cattle lack external validity. The high variety
in study designs applied within this area and the conflicting results make it difficult
to conclude whether there is a difference in prevalence or concentration of E. coli
O157 between cattle from different production systems.

1.5.5.3 Hormonal alteration
Another variable at the animal level that may influence E. coli O157 colonisation is
the effect of hormonal alteration. Eukaryotic cell-to-cell signalling takes place
through hormones, therefore it is very likely that prokaryotic-eukaryotic
communication occurs via hormone-like compounds, known as bacterial autoinducers, and host hormones (Sperandio et al., 2003). This bacterium-host
communication is also known as quorum sensing, a bacterial cell-to-cell signalling
system, which regulates bacterial gene expression. E. coli O157:H7 activates
virulence genes such as the LEE genes, stx genes and the flagella regulon by
responding to a eukaryotic cell signal (Sperandio et al., 2001). Sperandio et al.
(2003) found that this eukaryotic cell signal is the hormone epinephrine. This was
confirmed by Rasko et al. (2008), who found that human stress hormones
(epinephrine/norepinephrine) activate E. coli virulence in animal models. In addition
several studies have reported that norepinephrine induces bacterial growth (Lyte et
al., 1996; Freestone et al., 1999), by expression of enterobactin and iron uptake in
E. coli (Burton et al., 2002). This implies that hormonal changes in the host, which
may be induced by stress from handling or transport, gestation status, lactation or
weaning, have an effect on the bacterial quorum sensing system what results in the
expression of virulence genes by E. coli O157:H7.
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1.5.6 The “super shedding” phenomenon
In addition to the large amount of published papers on putative risk factors for the
excretion of E. coli O157, the term “super shedding” has fervently been discussed in
the last decade. A vast array of definitions has been proposed, including cattle that
shed ≥ 103 CFU/g of faeces (Stanford et al., 2011), animals that shed ≥ 103 to 104
CFU/g of faeces, and cattle that excrete > 104 CFU/g of faeces (Naylor et al., 2003;
Stephens et al., 2008, 2009; Arthur et al., 2010). Davis et al. (2006) and Cobbold et
al. (2007) identified “super shedders” on the basis of samples collected from the
RAJ. According to these two studies super shedders are persistently colonised at the
RAJ with high concentrations of E. coli O157:H7. Therefore, both studies define
super shedders as animals that are persistently colonised at the RAJ combined with
high cell counts (Davis et al., 2006; Cobbold et al., 2007). Although Chase-Topping
et al. (2008) agreed that this definition would be very sensitive, it would also require
longitudinal sampling that might not always be possible in field situations. ChaseTopping et al. (2008) purported that such high numbers of E. coli O157:H7 are
unlikely to be shed without colonisation and therefore suggested the working
definition of an E. coli O157:H7 super shedder as an animal that sheds >104 CFU/g
of faeces. The various definitions of super shedding give an impression of the
diverse views of researchers on this phenomenon.
Cross-sectional studies have reported that it is likely that there is an association
between the numbers of E. coli O157 in the faeces of cattle and the risk of carcass
contamination. A study at the level of the abattoir found that the group of cattle with
the highest levels of E. coli O157 in faeces was the only group in which E. coli O157
was isolated from carcasses (Fegan et al., 2005). These results were confirmed by a
study in which the probability of carcass contamination was associated with the
presence of a high shedder within the truckload during transport to the abattoir (Fox
et al., 2008a). Others investigated the influence of the presence of a “super shedding
animal” within a feedlot pen. Cattle that remained E. coli O157 negative during a 14
week study period in experimental research pens, were five times more likely to have
been housed in a pen lacking a super-shedding animal compared to cattle housed
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with a super-shedding animal (Cobbold et al., 2007). Addition of inoculated faecal
pats to steers within pens (simulating the presence of a super shedder) was observed
to increase transmission of the pathogen among penmates; however, the cattle that
acquired E. coli O157 shed the bacterium only for a short period and at low levels
(Stephens et al., 2008). These results suggest that the presence of a super shedder in
a pen can influence the E. coli O157 status of penmates; however, shedding intensity
(duration and concentration) of the contaminated cattle may be considerably lower
than shedding intensity of naturally occurring super shedders.
A four month observational study within a herd of dairy heifers (Williams et al.,
2015c) showed that 3.6% (32/896) of all faecal samples tested for the presence and
concentration of E. coli O157 contained “super shedding levels” (≥10,000 CFU/g of
faeces). A similar observational study (nine months), performed within an
extensively managed beef herd, found that 0.08% (1/1323) of all faecal samples
contained ≥10,000 CFU/g of faeces of the pathogen (Chapter 3). These results show
that within natural settings shedding at levels above 10,000 CFU/g of faeces is
sporadic. This is supported by two observational studies performed within feedlot
facilities, in which 1.1% (Arthur et al., 2009) and 2.2% (Cernicchiaro et al., 2010) of
all faecal samples tested were found to contain ≥10,000 CFU/g of faeces. These
observational studies, using biweekly to monthly sampling intervals, give a better
idea of the prevalence of “super shedding animals” within herds compared to cross
sectional studies, but still a thorough insight into the nature of “super shedding” is
lacking.
Research based on mathematical models has suggested that “super shedding” has a
substantial impact on the prevalence and transmission of E. coli O157 in cattle and
the environment. Matthews and colleagues (2006a) estimated that 80% of
transmission arises from the 20% most infectious individuals. In this work they
characterised a super-shedder as an animal that sheds the pathogen at greater levels
than others, without reporting on concentration or duration of shedding. The estimate
of Matthews and colleagues (2006a) is supported by a study in which it was
demonstrated that 9% of the cattle at slaughter were high shedders that represented
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>96% of the total E. coli O157 excreted by all animals tested (Omisakin et al., 2003).
Both studies suggest that super shedders contribute considerably to the transmission
of the pathogen within herds and into the environment. Subsequently, these, and
similar studies, conclude that identification and targeting of “super shedding
animals” will significantly reduce the amount of E. coli O157 entering the abattoirs,
minimising the risk of a contaminated end product. Recommendations of this type
need further consideration since a) there is no rapid test to identify animals shedding
at high levels, b) shedding is highly variable which makes targeting specific animals
highly difficult, and c) the existence of specific “super shedding animals” has not
been established.
In summary, numerous factors, including the role of “super shedding”, are currently
presented as having a substantial impact on the transmission of E. coli O157 within
herds, while research supporting and explaining proposed associations is often
lacking in aspects of design or analysis, or, the findings have limited application in a
commercial setting.

1.6 Weaknesses in the current literature
1.6.1 Adequacy of study designs
The epidemiology of E. coli O157 in cattle is regarded as a complex research
problem, (Matthews et al., 2013; Meng et al., 2013; Moore et al., 2015). Research
over the past quarter century has resulted in a better understanding of the biology of
E. coli O157 in cattle. However, substantial shortfalls in our understanding do
prevent improvements in this aspect of the safety of the food supply. One of the main
reasons for the deficiency in knowledge is that the complex biology places severe
demands on study designs and analytical methods. A characteristic of much of the
literature is that study design and analysis has been very simple with an emphasis on
convenience, particularly in the 1990’s when little was known concerning this
pathogen. Often assumptions were made implicitly and inappropriately, particularly
about data analysis. In a recent study by Moore and colleagues (2015), “Escherichia
coli O157:H7 - Discerning facts from fiction”, myths about pre-harvest control
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measures were identified and knowledge was shared with different audiences.
According to these authors, perpetuated misinformation about risk of E. coli O157
continues to be spread through the Internet and other media. Publications, and
particularly influential papers based on inadequate study designs or containing
implicit assumptions contribute to the existence and spread of myths regarding
E. coli O157.
The current scientific literature on E. coli O157 features common limitations in study
design and analytical methods. While the shedding of E. coli O157 in bovine faeces
through time is highly dynamic and volatile (Robinson et al., 2004; Williams et al.,
2015b), many studies attempt to identify risk factors for shedding of this pathogen
using a traditional cross-sectional design (Gunn et al., 2007; Cernicchiaro et al.,
2009; Cobbaut et al., 2009). A single “snapshot” from such a dynamic process is
highly unlikely to deliver accurate information on shedding and subsequently on
possible risk factors. In studies in which cattle are tested multiple times to further
examine the dynamics of E. coli O157 shedding over time, frequently long intervals
between samplings are used (Lahti et al., 2003; Cobbold et al., 2007; Arthur et al.,
2009). Again the intermittent nature of E. coli O157 shedding will interfere with the
effectiveness of these study designs and failure to recognise this phenomenon
effectively reduces accuracy of interpretation of findings. Moreover, many studies
are solely reliant on the use of a dichotomous shedding outcome applied to
individual animals (Lahti et al., 2003; Kondo et al., 2010; Smith et al., 2010), as
opposed to the enumeration of E. coli O157 in samples. Although enumeration is
expensive to perform, these type of studies have shown that most shedding occurs at
very low concentrations and at this level the chance of error in dichotomous
classification is much greater. While the existing literature offers important insights
into the epidemiology of E. coli O157, all studies are unavoidably imperfect and
have limitations.
Another area of concern in the E. coli O157 research environment is the reliance on
implicit assumptions in research. As mentioned earlier in this Chapter assumptions
concerning “super shedding” have been made in numerous papers and they
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effectively imply that “super shedding” is a stable characteristic of specific
individuals (Omisakin et al., 2003; Chase-Topping et al., 2008; Arthur et al., 2013;
Munns et al., 2015), without the support of data. Perhaps a reason for this approach
is that it allows new inferences to be made that are consistent with a dominant
paradigm in the literature.
Deficiencies in external validity are common in population research often owing to
the scale and complexity of questions asked. Studies on E. coli O157 have been
performed on single herds or in single areas, or very small numbers of animals, or
using experimentally induced infections. While these can provide very useful
information, it is sometimes the case that inferences are extrapolated to the entire
cattle population in a country or even more broadly (Cray and Moon, 1995; Hancock
et al., 1997; Chapman et al., 2001; Arthur et al., 2009; Stephens et al., 2009). The
high per-animal cost of even dichotomous testing makes it difficult to test large
numbers of cattle and constrains the designs that can be used. It may be that some of
these and other issues cannot be avoided in E. coli O157 research. However, in the
very least, the existence of the shortfalls should be recognised and raised in
discussion to ensure the quality and transparency of the literature.

1.6.2 New approach
After identifying the inadequacies of the study designs and analytical methods
applied in existing E. coli O157 research, it is evident that new methods are needed
to help address these limitations. The current work provides some directions on
different approaches for identifying the shedding status of herds.

1.7 Aims of the thesis
The general objective of the work described in this thesis was to increase knowledge
on the dynamics of shedding of E. coli O157 in grass-fed beef cattle and to improve
understanding of the factors that influence shedding in an extensive beef production
system.
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The specific aims were:
1. To evaluate the usefulness of factors reported within the literature to be
associated with E. coli O157 shedding by cattle, using the agreement
amongst experts as an indicator of utility (Chapter 2).
2. To describe in detail the temporal dynamics of E. coli O157 shedding by
individual cattle over a prolonged period of time (Chapter 3).
3. To identify animal, management and climate variables associated with the
shedding of E. coli O157 (Chapter 3).
4. To identify whether shedding is predictable from a single measurement by
intensively sampling individual cattle using daily sampling intervals (Chapter
4).
5. To assess the cost and accuracy of pooled-sample protocols for evaluating
herd E. coli O157 status, with the intention to examine a sufficient number of
herds using an affordable approach (Chapter 5).
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1.8 Tables
Table 1.1 Classification of STEC serotypes into seropathotypes (adapted from Karmali et al.
2003)
Seropathotype
A

Relative incidence
High

Frequency of
involvement in
outbreaks
Common

Association
with severe
disease1
Yes

Serotypes
O157:H7, O157:HO26:H11, O103:H2,
O111:NM, O121:H19,

B

Moderate

Uncommon

Yes

O145:NM
O91:H21, O104:H21,

C

Low

Rare

Yes

O113:H21; others

D

Low

Rare

No

Multiple

E

Non-human only

NA2

NA

Multiple

1

HUS or hemorrhagic colitis

2

NA, not applicable
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Table 1.2 Total number of cattle in Australia in 2012-2013
No. of cattle
‘000

Type of herd
Dairy cattle
Cows in milk and dry
All other dairy cattle
Total dairy cattle

1.688
1.146
2.834

Meat cattle
Cows and heifers one year and over
All other meat cattle
Total meat cattle
Total cattle and calves

13.430
13.027
26.457
29.291

(Source: Australian Bureau of Statistics - Agricultural commodities)
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Table 1.3 Overview of reported prevalence estimates of E. coli O157 in cattle

Country
Australia

No. of
animals

Positive
animals (%)
(95% CI)

300

1.7

(Barlow and Mellor, 2010)

Grass fed beef cattle at
slaughter
Lot fed beef cattle at slaughter

155

10.0

(Fegan et al., 2004)

155

15.0

Dairy cattle

588

1.9

(Cobbold et al., 2000)

605

1.5

(Fukushima and Seki, 2004)

324

3.5

(Widiasih et al., 2004)

327

28.0

29

72.0

(Elder et al., 2000)

750

0.7

50

8.0

(LeJeune et al., 2006)

Dairy cattle

791

6.6 (4.9-8.5)

13

38.5 (13.9-68.4)

(Dunn et al., 2004)

Feedlot cattle

3162

22.7

5

100.0

(Smith et al., 2001)

20

60.0

(Vidovic and Korber, 2006)

Cattle type
Australia Beef cattle at slaughter

No. of farms

Positive farms (%)
(95% CI)

Reference

Asia
Japan Beef cattle at slaughter
Calves
North-America
USA Ranch and feedlot cattle at
slaughter
Dairy cattle

Canada Feedlot cattle

Table 1.3 Overview of reported prevalence estimates of E. coli O157 in cattle (continued)

Country

Cattle type

No. of
animals

Positive
animals (%)
(95% CI)

No. of farms

Positive farms (%)
(95% CI)

Reference

371

8.9

(Eriksson et al., 2005)

Europe
Sweden Dairy cattle
Cattle at slaughter

3071

1.2 (0.8-1.6)

Denmark Dairy cattle

2419

3.6

60

16.7

(Nielsen et al., 2002)

Norway Dairy cattle

680

0.0

50

0.0

(LeJeune et al., 2006)

Finland Cattle at slaughter

1448

1.3 (0.73-1.90)

Spain Dairy cattle
Beef cattle

(Albihn et al., 2003)

(Lahti et al., 2001)
82

7.0 (1.7-12.3)

124

1.6 (0.0-3.7)

62

8.0

(Oporto et al., 2008)

Belgium Beef cattle at slaughter

1281

6.3

Poland Beef cattle at slaughter

551

0.7

223

16.6

53

28.3

137

16.1

60

21.7

Turkey Cattle at slaughter

330

4.2

(Yilmaz et al., 2002)

Netherlands Adult cattle at slaughter

540

10.6

(Heuvelink et al., 1998a)

Veal calves at slaughter

397

0.5

Dairy cattle

1152

13.0

Italy Feedlot cattle at slaughter
Dairy cattle at slaughter

(Tutenel et al., 2002)
(Tutenel et al., 2002)

10

70

(Bonardi et al., 1999)

(Heuvelink et al., 1998b)

Table 1.3 Overview of reported prevalence estimates of E. coli O157 in cattle (continued)

Country

Cattle type
Dairy cattle

No. of
animals

Postive
animals (%)
(95% CI)

4663

4.2 (2.0-6.4)

4800

12.9

(Chapman et al., 2001)

511

11.2 (8.4-13.9)

(Ogden et al., 2004)

589

7.5 (5.4-9.6)

(Omisakin et al., 2003)

13000

3.4

No. of farms
678

Positive farms (%)
(95% CI)
7.2

Reference
(Schouten et al., 2004)

75

38.7 (28.1-50.4)

(Paiba et al., 2003)

UK
England & Wales Dairy, suckler and fattening
cattle
Cattle at slaughter
Scotland Beef cattle in winter at
slaughter
Beef cattle in summer at
slaughter
Finishing / store cattle

481

18.9

(Chase-Topping et al., 2007)

Table 1.4 Putative risk factors associated with E. coli O157 as reported in the literature
Variable
Animal

Susceptibility
for E. coli O157

Country

Industry

Reference

Young age (calves from weaning until 12 increased
months compared to unweaned calves and
adults)
increased

Australia

dairy

Cobbold & Desmarchelier (2000)

USA

dairy

Hancock et al. (1997)

increased

Denmark

dairy

Rugbjerg et al. (2003)

increased

Netherlands

dairy

Heuvelink et al. (1998b)

increased

Switzerland

dairy

Kuhnert et al. (2005)

increased

Sweden

dairy

Eriksson et al. (2005)

decreased

Belgium

dairy, mixed

Cobbaut et al. (2009)

decreased

Scotland

beef

Pearce et al. (2004)

Brahman breed decreased

USA

beef (feedlot)

Jeon et al. (2013)

Romosinuano breed decreased

USA

pasture

Riley et al. (2003)

Castration decreased

USA

beef (feedlot)

Jeon et al. (2013)

Australia

dairy (pasture)

Williams et al. (2015c)

Body score condition (increasing) increased

Table 1.4 Putative risk factors associated with E. coli O157 as reported in the literature (continued)
Susceptibility
Variable
for E. coli O157 Country
Industry
Management
Contact between adult cattle and calves increased
USA
dairy
Manure management system (use of decreased
manure piles vs lagoons)
Dairy vs beef increased

Reference
Cernicchiaro et al. (2012)

USA

dairy

(Cernicchiaro et al., 2012)

Belgium

dairy, beef

Cobbaut et al. (2009)

The event of calving decreased

Scotland

beef (pasture & housed)

Synge et al. (2003)

Increasing herd size increased

Sweden

dairy

Eriksson et al. (2005)

Larger number of finishing cattle increased

Scotland

beef (pasture & housed)

Gunn et al. (2007)

Housed vs. at pasture increased

Scotland

beef (pasture & housed)

Synge et al. (2003)

increased

Scotland

beef (pasture & housed)

Gunn et al. (2007)

decreased

Switzerland

dairy

Kuhnert et al. (2005)

Canada

beef (feedlot)

Buchko et al. (2000a)

USA

beef (feedlot)

Fox et al. (2007)

Australia

beef (pasture)

Fegan et al. (2004)

Canada

Steers and heifers (pens)

Buchko et al. (2000b)

Diet
Barley fed vs. corn fed increased
Dry-rolled grains vs. steam-flaked grains decreased
Grass fed vs. lot fed no difference
Refeeding 100% forage after fasting increased

Table 1.4 Putative risk factors associated with E. coli O157 as reported in the literature (continued)
Variable
Climate

Susceptibility
for E. coli O157

Country

Industry

Reference

Rainfall increased

Australia

dairy (pasture)

Williams et al. (2015c)

increased

Australia

beef (pasture)

Lammers et al. (2015)

increased

USA

beef (pasture)

Kondo et al. (2010)

Australia

dairy (pasture)

Williams et al. (2015c)

France

dairy and beef

Meyer-Broseta et al. (2001)

USA

beef (feedlot) & dairy

Edrington et al. (2006)

Australia

dairy (pasture)

Williams et al. (2015c)

USA

cattle at processing

Barkocy-Gallagher et al. (2003)

increased

Netherlands

cattle at processing

Van Donkersgoed et al. (1999)

increased

Netherlands

dairy

Heuvelink et al. (1998b)

increased

UK

cattle after processing

Chapman et al. (1997a)

increased

USA

dairy

Hancock et al. (1994)

Transport increased

USA

beef (feedlot)

Arthur et al. (2007)

increased

USA

beef (feedlot)

Dewell et al. (2008)

Canada

beef cow-calf operations

Cernicchiaro et al. (2009)

Scotland

beef (pasture & housed)

Synge et al. (2003)

Temperature (increasing) increased
increased
Day length (increasing) increased
Humidity (high) increased
Season: summer increased

Other

Presence of pigs on farm increased
decreased

Table 1.4 Putative risk factors associated with E. coli O157 as reported in the literature (continued)
Susceptibility
for E. coli O157
increased

Country
Scotland

Industry
beef (pasture & housed)

Reference
Gunn et al. (2007)

increased

Sweden

dairy

Eriksson et al. (2005)

Presence of dogs on farm increased

Scotland

beef (pasture & housed)

Synge et al. (2003)

Presence of wild geese increased

Scotland

Beef (pasture & housed)

Synge et al. (2003)

Number of starlings per milking cow increased

USA

dairy

Cernicchiaro et al. (2012)

Presence of super shedder in the pen increased

USA

beef (feedlot)

Jeon et al. (2013)

Sweden

dairy

Eriksson et al. (2005)

Variable

Geographical distribution -

2 Limited consensus amongst global experts on risk
factors for E. coli O157 shedding in cattle, “super
shedding” and on-farm interventions
2.1 Introduction
As outlined in Chapter 1, E. coli O157 is a bovine gut-commensal capable of causing
serious disease and death in humans (Pennington, 2010). Despite a vast amount of
research on the shedding of E. coli O157 in cattle faeces, the factors responsible for
the onset and severity of shedding remain elusive. Nevertheless, owing to the
continuing impact this pathogen has on both public health and the trade of beef
products, there is a persistent, strong interest in improving the understanding of the
biological basis of shedding of E. coli O157 by cattle (Scharff, 2012). Shedding of
E. coli O157 in bovine faeces through time is likely to be a dynamic and volatile
process (Robinson et al., 2004; Williams et al., 2015b). Under these conditions,
attempts to identify risk factors using a traditional cross-sectional design that
typically employs only a single dichotomous assay per animal-subject, are unlikely
to deliver success owing to the extent of misclassification of shedding status and
because shedding status is not a time-stable characteristic of individual animals.
Nevertheless, this is the very approach that overwhelmingly dominates the literature
(for example: Hancock et al., 1997; Nielsen et al., 2002; Kuhnert et al., 2005; EllisIversen et al., 2007; Gunn et al., 2007; Cernicchiaro et al., 2009; Cobbaut et al.,
2009). Studies of this type have occurred frequently possibly because they are based
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on a conventional approach in epidemiology, they are affordable given the high peranimal cost of testing and because the extent of variability of shedding within and
between both animals and time periods appears to have been underestimated
(Chapter 3 and 4). One frequently mentioned putative risk factor for shedding E. coli
O157 arising from these type of studies is young age of the animal (Heuvelink et al.,
1998b; Cobbold and Desmarchelier, 2000; Eriksson et al., 2005). Other factors
reported include introduction of new cattle in the herd, season (with summer
identified to present a greater risk than other seasons), environmental temperature,
and presence of pigs on the farm (Barkocy-Gallagher et al., 2003; Schouten et al.,
2004; Eriksson et al., 2005; Gunn et al., 2007; Cernicchiaro et al., 2009; Williams et
al., 2015c). However, none of the above appear to have been validated by long term
observational studies or large-scale controlled studies. Furthermore, it has been
demonstrated in general that research findings are less likely to be reproducible when
there is a great number and small preselection of tested associations; where there is
high variability in study designs, definitions and outcomes; and when more research
groups are involved in the same field pursuing significant relationships (Ioannidis,
2005). Unfortunately, these are the very factors that are overwhelmingly represented
in the E. coli O157 research landscape and thus account for the difficulty
experienced in identifying factors associated with the shedding of this pathogen.
“Super shedding” is a term that has raised considerable discussion in the E. coli
O157 literature in the last decade. Super shedding has been defined on one occasion
as “an event where one or more cattle shed high concentrations (>104 CFU/g of
faeces) of E. coli O157” (Stanford et al., 2011). In a modelling study, Matthews et al.
(2013) attempted to quantify the relationship between shedding in cattle and human
disease, and reported that “only the relatively rare super shedding events contribute
significantly to human risk”. Similarly, Omisakin and colleagues (2003) stated that
“the presence of high-shedding animals (>104 CFU/g) at abattoirs provide an
increased risk of contamination to both the food chain and the environment” after
determining that 9% of cattle at a British abattoir were responsible for 96% of the
total E. coli O157 shed by all animals tested. However, in contrast, Munns et al.
(2014) reported “the short duration of super shedding and its lack of continuance
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suggest that these individuals may not play as great a role in the dissemination of
E. coli O157:H7 within the feedlot as previously proposed”. It is clear that
controversy exists in the literature about the role of super shedding in the
transmission of E. coli O157 within herds and then subsequently to humans.
For the above reasons there is a need to further investigate the factors promoting the
transmission of E. coli O157 within herds, including the role of super shedding.
Field studies are costly and laborious and while many have been performed in recent
years (Cobbold et al., 2007; Stephens et al., 2009; Stanford et al., 2012; Munns et al.,
2014; Williams et al., 2014a), little progress has been made in reaching a consensus
on a definition for super shedding and the biological basis for shedding events in
general. More studies of this type cannot presently be justified given the progress to
date. However, it is appropriate to digest and summarise the usefulness of past
research prior to deciding what new approaches to research are needed in the future.
The use of a survey to solicit opinion from experts in the field, where the experts act
as reservoirs, integrators and interpreters of knowledge (Gustafson et al., 2013), is a
suitable approach. While surveys have well recognised limitations, there are a
number of examples where they have provided helpful data regarding risk factors for
zoonotic pathogens (Stärk et al., 2002; Wilke et al., 2011).
The objectives of this study are firstly to synthesise the knowledge and beliefs that
E. coli O157 experts have about risk factors for occurrence of E. coli O157 in cattle
faeces, secondly to assess whether there is consensus (agreement as achieved by
subjective comparison of proportion of participants yielding different responses) on
the potential role of on-farm intervention methods for this pathogen and thirdly to
qualitatively assess the level of consistency in experts’ understanding of the nature of
super shedding. Distinctions between geographical regions in which the participants
performed most of their research on E. coli O157 will be made.
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2.2 Methods
2.2.1 Expert selection
National and international experts in the area of E. coli O157 were identified for
inclusion in the work as an invited participant if they met the following criteria: the
individual was either the first author, last author or corresponding author of at least
one relevant scientific article published from 2004 to 2014. Relevant articles were
identified from a systematic literature search using the terms ‘Escherichia coli O157’
and ‘cattle’, and confined to papers written in the English language. These papers
(initially numbering 392) were then assessed by the author and excluded if they were
not related to E. coli O157 in cattle production systems. For articles where no
decision could be made based on the title, the abstract was reviewed and, if
necessary, the methods reviewed to assess suitability for inclusion. In addition,
experts (hereafter referred to as participants) were also selected from the list of
delegates attending the most recent international workshop in the UK on this subject
(Biosciences Knowledge Transfer Network (KTN), 2011). Authors and conference
delegates with untraceable contact details were excluded from the study. Email
addresses of the non-responders of the electronic survey were checked and the
survey was re-sent to any with revised contact details.

2.2.2 Electronic survey
The survey was developed applying principles described by Fink (2003) and Vose
(2008). An electronic survey was used to design and distribute the survey
(SurveyMonkey Inc., www.surveymonkey.com). The survey consisted of 10
questions, divided in seven sections: (1) background information; (2) demographics;
(3) defining super shedding; (4) risk factors on farm; (5) risk factors during transport
and lairage; (6) intervention methods; (7) statements (previous research, future
research, and super shedding) (A copy of the survey is provided in Appendix 1).
In Section 1 of the survey a short overview of the aim of the survey, practical
information and the ethics statement was given. Section 2 requested geographical
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details of the participants, a self-rating of their expertise in different areas and their
experience with different cattle production systems. In Section 3, participants were
asked to identify a definition of super shedding they agreed with most. Subsequently
in Section 4, the participants were asked their opinion on the concentration of
pathogen that indicates super shedding. Section 5 requested the opinion of the
participants on several potential risk factors on farm, which were based on
statements in the literature. The participants were asked to indicate the magnitude of
effect that the latter list of risk factors have on the presence or absence of E. coli
O157 in cattle faeces. An identical approach was used in Section 6 and 7 in which
first an opinion on risk factors during transport and at lairage were obtained, and
subsequently on intervention methods. In Section 7 the participants were requested
to indicate to what extent they agreed with various statements about previous
research, future research and super shedding.
Two formats were used for the question responses; either mutually-exclusive
categorical (multiple choice, options specific for each question) or an ordinal rating
(Likert-type) scale (don’t know – none – minimal – moderate – marked or strongly
disagree – disagree – neutral – agree – strongly agree). One question asked
participants to rate their areas of expertise, on a scale of 1 to 10, in 12 areas of work
(food microbiology, veterinary microbiology, environmental microbiology, food
safety, zoonotic disease, cattle production, public health, research in E. coli O157,
policy, analytical epidemiology, descriptive epidemiology and animal pathology). It
was explained that a rating of value 1 represented equivalent knowledge to a member
of the general public and a rating of value 10 represented the knowledge of a
specialist at the top of the particular field. At the end of the survey participants were
invited to provide comments.

2.2.3 Ethical standards
This research was approved by The School of Animal and Veterinary Sciences
Human Ethics Committee, Charles Sturt University, Protocol number 416/2014/02.
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2.2.4 Pre-testing
The survey was pre-tested with ten individuals (from Charles Sturt University, The
University of Sydney and Colorado State University) who were not true experts but
who had a general understanding of E. coli O157. Individuals participating in the
pre-testing were all knowledgeable in the areas of cattle production, epidemiology
and microbiology. Participants involved in pretesting were derived from different
nationalities and cultures. The final survey was modified using the feedback
provided by the pre-test participants. Results of the pre-test survey were excluded
from the final analysis and pre-test participants were excluded from further
participation.

2.2.5 Implementation
The survey was distributed on multiple occasions. Initially it was sent, via email, to
all selected experts and subsequently at week three and then week five to any nonresponders. A short email invitation (modified for each occasion) was distributed
with the request to participate (Appendix 2).

2.2.6 Analysis of responses
Survey responses were downloaded as an Excel file, imported into analysis software
(RStudio Team, 2012) and then transformed for analysis. Responses were initially
coded according to the geographical regions where the participants performed most
of their research. Participants were also classified into different areas of expertise
according to their response on Question 2; microbiology (food microbiology,
veterinary microbiology and environmental microbiology), public health (food
safety, zoonotic disease and public health), cattle production, research in E. coli
O157, policy, epidemiology (analytical epidemiology and descriptive epidemiology),
and animal pathology. For analytical purposes participants were categorised into
experts and non-experts in each field. Experts were defined as all participants who
rated their expertise with a seven (out of 10) or greater. Every participant with a
rating below seven was categorised as non-expert. In addition, responses were coded
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according to familiarity with the beef or dairy industry. Analysis using crosstabulations with significance assessed by Fisher’s exact test were performed.
Significance was set to P < 0.05.

2.3 Results
Initially, 280 participants were selected of which 189 could be contacted by email.
Five (2.6%) people declined to participate. Forty-five (23.8%) participants
completed the survey prior to the reminder email and 24 and 11 after the first and
second reminders, respectively (total response rate of 80/189 or 42.3%). To ensure
that all email addresses of non-responding participants (after the third mailing) were
accurate, more recently published papers (potentially in areas outside the field of E.
coli O157 and thus not captured in the original search criteria) were acquired for all
non-responders and the survey was sent to 20 amended email addresses and again to
all email addresses of the non-responding candidates. This gave a final response rate
of 102/189 or 54.0%. More difficulty was encountered when tracing experts from
non-English speaking countries compared to experts from English speaking
countries.
Forty three participants performed most of their research on E. coli O157 in North
America (42%), two in South America (2%), 31 in the UK/Ireland (30%), 13 in
Europe (13%), five in Africa (5%), four in Australia (4%), three in Asia (3%) and
one in New Zealand (1%) (Appendix 3, Figure 7.1). Most regions were grouped for
analytical purposes. There were enough participants with research experience in the
UK/Ireland and North and South America combined, to be analysed separately for
the purpose of comparisons. All remaining countries were grouped together and
formed the category ‘other’. Most experts (84%) were found in the E. coli O157
research area (Appendix 3, Table 7.1). After E. coli O157, food safety (78%),
zoonotic disease (71%) and public health (58%) were the three main areas of
expertise. More than half of the participants were experienced with more than one
form of cattle production. The most common expertise in cattle production systems
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was feedlot beef (41%), then grazing beef (41%) and intensive dairy (30%)
(Appendix 3, Table 7.2).

2.3.1 Risk factors
‘Time of year: summer’ was indicated by the highest percentage of participants to
have a moderate or marked effect on E. coli O157 in the faeces of cattle, followed by
‘age of the animal’ and ‘introduction of new animals’ (Table 2.1). A greater
percentage of participants with America as research location indicated summer,
spring and rainfall as having a substantial effect, compared to participants from the
UK/Ireland and the other regions (Table 2.1). A difference in opinions was also
found for the variable ‘presence of sheep on farm’, with less than 7% of participants
with America as research location agreeing that this is a significant risk factor
compared to 33% and 38% of the participants from the UK/Ireland and other
regions, respectively. In addition there was limited agreement regarding the presence
of faeces in water troughs, contact between adult cattle and calves and the presence
of pigs on farm (Table 2.1).

2.3.2 Intervention methods
Vaccination was selected by the largest number of participants (57.0%) as having a
moderate or marked effect on E. coli O157 in cattle faeces (Table 2.2), followed by
an ‘abrupt change in diet’ which was selected by half of the participants. Differences
in opinion among the various geographical regions of participant research location
were identified; around 50% of the participants with research experience in America
indicated that ‘sodium chlorate in water’, ‘probiotics in feed’ and ‘use of antibiotics’
are effective intervention methods, compared to around 20% of the participants from
the UK/Ireland and other regions (Table 2.2).

2.3.3 Defining super shedding
Valid answers on the definition of super shedding were obtained from 94 of 102
participants. The greatest number of participants (35.8%) chose to describe super
shedding as “when an animal sheds a high concentration on multiple sampling
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events”, followed by 30.5% of the participants who chose the option “when an
animal sheds a high concentration on a single sampling event” (Table 2.3). Almost
13% of the participants chose to define super shedding as “not a useful concept”. No
significant association was found between the participants preferred definition of
super shedding and geographical region (P=0.15).
When participants were asked to identify the concentration of E. coli O157 that they
would associate with super shedding, the majority (60.7%) identified 104 CFU/g of
faeces (Table 2.4). Two participants selected the answer option ‘other’, and
responded with ‘somewhere between 103 and 104 CFU/g of faeces’. No association
was found between how the participants define super shedding and the concentration
they associate with super shedding (P=0.48), even after the concentrations were
collapsed into the three categories ≤103, 104 and ≥105 CFU/g of faeces (P=0.31). In
addition, no significant difference was found between the different concentrations
and geographical region (P=0.78).

2.3.4 Statements
Of the statements solicited from the participants the ones most close to the objectives
of this study are presented in Table 2.5. For presentation of the results the categories
agree and strongly agree, and neutral, disagree and strongly disagree were combined.
Approximately one third of the participants indicated that it is difficult to identify
genuine risk factors from the literature (Statement A, Table 2.5). More than 80% of
the participants indicated that the presence of a super shedder in the herd increases
the risk of spread of E. coli O157 (Statement B, Table 2.5). Around 25% of the
participants stated that super shedding events are less likely to occur in a pasture fed
beef herd compared to a lot fed beef herd, however 75% disagreed or indicated to be
neutral (Statement C, Table 2.5). While a quarter of the respondents indicated that
they would use the term “super shedding phenomenon” to refer to super shedding
(Statement D, Table 2.5), slightly more than a third of the participants favoured the
term “super shedding animal” (Statement E, Table 2.5). Still, the largest percentage
of participants chose to disagree or stay neutral regarding statements D and E. Over
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40% of the participants did not agree with “super shedding phenomenon” or “super
shedding animal”, choosing to disagree or stay neutral regarding both statements. A
significant difference in opinions among geographical regions was found for
statement C, where less than 8% of the participants with the UK/Ireland as research
location thought that super shedding events are less likely to occur in a pasture fed
beef herd, compared to 34 and 25% of participants with America or other regions,
respectively, as research location. No differences in opinion were found regarding
any of the statements between different disciplines (epidemiology, microbiology,
public health, policy, animal pathology, cattle production and research in E. coli
O157) (Table 2.6) or different cattle industries (beef cattle, dairy cattle, or both)
(Table 2.7).

2.4 Discussion
In this study the usefulness of factors claimed within the literature to be associated
with E. coli O157 shedding by cattle were evaluated, using the agreement amongst
experts as an indicator of utility. The first key finding was that opinions were divided
among most putative risk factors. Summer was the only variable that was selected by
more than 80% of the participants as having a substantial effect on E. coli O157
shedding, while opinions varied for all other factors. The limited agreement between
the experts draws into question the integrity of all risk factor studies and implies that
some (perhaps most) current published findings could be false positive associations.
The doubt regarding conclusions from past risk factor studies is supported by one
third of the participants who indicated their reluctance to accept the findings of these
studies (Statement A, Table 2.5). It is possible that reported risk factors are simply
false positive associations arising from a range of biases including interpretive
subconscious prejudice of the experts (Ioannidis, 2005). Researchers may be biased
purely because of their belief in a scientific theory or commitment to their own
research outcomes. This may also lead to distorted reported results and
interpretation. The peer review process is often prejudiced by the reviewers’ own
research findings (Mahoney, 1977; Ernst and Resch, 1994) and prestigious
researchers may prohibit acceptance of articles that refute their findings.
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Furthermore, despite the wide recognition of the shortcomings of stepwise multiple
regression (Johnson et al., 2004; Stephens et al., 2005), use of this technique in
E. coli O157 studies remains widespread (Rugbjerg et al., 2003; Synge et al., 2003;
Ellis-Iversen et al., 2007; Cernicchiaro et al., 2009; Williams et al., 2015c). The
limitations include bias in parameter estimation, inconsistencies among model
selection algorithms (forward selection, backward elimination or stepwise), and an
inappropriate reliance on a single best model (Whittingham et al., 2006). These
limitations are commonly not acknowledged thereby potentially leading to flawed
conclusions and false positive associations. Currently researchers attempt to describe
an underlying biology of E. coli O157 shedding in cattle using highly fallible
methods.
Differences in opinion were found between distinct regions (the UK/Ireland,
America and other) in which the participants gained most of their research
experience. Data were categorised by geographical region based on the assumption
that opinions of participants with different research location are likely to be distinct
due to, for example, characteristics of the cattle industry, number of human E. coli
O157 cases per year, virulence of the E. coli O157 isolates, and the type of research
projects conducted and published. America, followed by the UK/Ireland, formed the
largest groups of respondents, which was expected since these are the two
geographical regions where most research on E. coli O157 has been performed. This
indicates of good demographic representativeness and suggests a low degree of
response bias. Differences in beliefs were found among regions regarding several
seasonal and climate variables. It is possible that this partly reflects the articles
published in America and the UK, where research in America concludes that there is
an association between summer and E. coli O157 shedding in cattle (Hancock et al.,
1997; Barkocy-Gallagher et al., 2003) while research in the UK states that this
association is lacking (Alam and Zurek, 2006; Ellis-Iversen et al., 2009; Pearce et al.,
2009; Smith et al., 2010). An obvious difference in opinions was also found for the
variable ‘presence of sheep on farm’. This difference could be explained by the fact
that sheep are more common in the UK compared to America and to differences in
production systems where in the UK sheep are more likely to be housed with cattle.
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In addition there was low agreement about numerous other risk factors for E. coli
O157 shedding in cattle, supporting the assumption that beliefs of participants with
different research location are distinct. At the start of the survey it was assumed that
differences may also exist between different disciplines (e.g. microbiology,
epidemiology, public health, policy); however, minimal differences in opinions were
found regarding any of the selected statements. Also minor difference in views
between participants with experience in differing cattle production systems was
observed. This implies that opinions across distinct working areas and cattle
industries are fairly similar and do not contribute to the disagreement surrounding E.
coli O157 shedding in cattle.
The second key finding of this study is that there is no consistent agreement amongst
experts about on-farm intervention methods. Vaccination was selected by the highest
percentage of participants (57%) followed by the abrupt change in diet (50.5%).
While numerous studies have examined the effect of vaccination, showing
substantial reductions in the frequency, duration and intensity of E. coli O157
excretion (Fox et al., 2009; McNeilly et al., 2010; Varela et al., 2013), still less than
60% of the participants selected vaccination as being an effective intervention
method. This suggests that the participants do not fully rely on the information that is
present in the literature. This is supported by Moore and colleagues (2015) who
report that “myths about pre-harvest control are perpetuated”. There was distinct
disagreement between regions regarding the use of ‘sodium chlorate in water’,
‘probiotics in feed’ and ‘antibiotics’. Numerous studies with positive outcomes
associated with the addition of sodium chlorate in water and probiotics in feed have
been conducted in America and Japan, which may partly account for the differences
found (Zhao et al., 1998; Anderson et al., 2000; Ohya et al., 2000; Callaway et al.,
2002). Nevertheless, the use of sodium chlorate in cattle and other production
animals has not yet been approved for food safety applications in America (Smith et
al., 2012). Even if the administration of sodium chlorate and antibiotics are assumed
to be successful at controlling E. coli O157, many experts may have reservations
about their use on grounds of safety and complications arising from antimicrobial
resistance (LeJeune and Wetzel, 2007).
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The third key finding is that there is limited agreement about super shedding.
Agreement was only reached regarding the importance of the presence of a super
shedder in the herd, where more than 80% of each region indicated that a super
shedder in the herd increases the spread of E. coli O157 to other cattle in the herd.
Regional differences were found in opinions regarding frequency of occurrence of
super shedding events in differing production systems (Statement B, Table 2.5).
Moreover, it stands out that there was no majority in opinions regarding what
constitutes super shedding as a definition among any of the participants. Two thirds
of the opinions were split almost evenly across the two main options, while one third
of opinions was divided across the three other options (Table 2.3). These findings
show that this term, commonly used in the current literature, is interpreted differently
by many. The vagueness in definitions for super shedding was reinforced by the
finding that almost 13% of the participants do not believe that super shedding is a
useful concept. In addition, the ambiguousness around super shedding is supported
by the large number of participants that elected to disagree or stay neutral regarding
the use of the terms super shedding phenomenon and super shedding animal. This
implies that the participants cannot rely on the information that is present to form an
opinion, that they are ambivalent or that the formulation of the statements was
unclear. Given the marked amount of variation in expert opinions measured here and
in the scientific literature about the meaning of super shedding, it is clear that more
objective evidence is needed to define this phenomenon or dispel its existence.
Although results presented here could have been biased by factors such as the
difficulty of tracing experts from non-English speaking countries, the findings do
provide unique insight in the opinions of many of the world’s leading experts on the
subject of E. coli O157 infection in cattle and show the extent of differences on the
basis of geographic location of experts. In conclusion, it was shown that there is only
limited agreement between E. coli O157 experts, especially regarding the
effectiveness of control measures and the nature of super shedding. Thus, despite the
large amount of research over two decades, opinions on the usefulness of findings
vary so markedly that no single viewpoint on the value of specific interventions
predominates. This represents a substantial obstacle to industry, public health and
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veterinary policy makers wanting to improve the economic and human health effects
of the pathogen. It also makes it difficult to justify a continuation of research being
performed in a similar fashion. The research community needs to seriously consider
what changes can be employed in study designs, measurement systems and analyses
if progress is to be made in the future.
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2.5 Tables
Table 2.1 Percentage of participants, with breakdown by geographic region, that indicated
potential risk factors for E. coli O157 in cattle faeces as having a moderate or marked effect
Percent of participants
supporting a moderate or marked effect*
All
UK/Ireland America Other
Risk factor
P**
(n=95)
(n=27)
(n=44) (n=24)
Time of year: summer
80.0
63.0
95.5
70.8
0.001
Age of the animal
70.5
74.1
65.9
75.0
0.736
Introduction of new animals
70.5
81.5
61.4
75.0
0.189
Faeces in water troughs
69.5
63.0
63.6
87.5
0.008
Feedlot
63.2
59.3
70.5
54.2
0.381
Time of year: autumn / fall
63.2
55.6
75.0
50.0
0.080
Contact adult cattle and calves
60.0
63.0
47.7
79.2
0.039
Environmental temperature
60.0
48.1
65.9
62.5
0.361
Recent rainfall
58.9
44.4
75.0
45.8
0.012
Stressful events
57.9
44.4
61.4
66.7
0.225
Geographical region
57.9
55.6
59.1
58.3
0.964
Composition of the diet
57.9
40.7
65.9
62.5
0.106
Manure management system
56.8
51.9
59.1
58.3
0.862
Herd size
55.8
66.7
54.5
45.8
0.321
Hygiene and cleanliness on farm
54.7
59.6
43.2
70.8
0.081
Time of year: spring
52.6
33.3
68.2
45.8
0.012
Dairy cattle
47.4
40.7
45.5
58.3
0.437
Time of year: winter
47.4
37.0
54.5
45.8
0.453
Pasture based cattle
37.9
44.4
36.4
33.3
0.735
Presence of finishing cattle
32.6
29.6
36.4
29.2
0.784
Event of calving
26.3
14.8
25.0
41.7
0.104
Presence of wild birds and vermin
24.2
18.5
29.5
20.8
0.556
Presence of sheep on farm
22.1
33.3
6.8
37.5
0.002
The use of antibiotics
20.0
7.4
20.5
33.3
0.069
Pregnancy
12.6
3.7
11.4
25.0
0.091
Presence of pigs on farm
10.5
3.7
6.8
25.0
0.043
Type of breed
7.4
3.7
6.8
12.5
0.536
Presence of dogs on farm
2.1
0
2.3
4.2
0.734
*The proportion of participants answering ‘don’t know’ were included in the category
‘none/minimal’. See Appendix 3 Table 7.3 for the complete table presenting all categories.
** P value represents the significance of cross-tabulations of the geographical regions.
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Table 2.2 The percentage of participants, with breakdown by geographic region, that
indicated potential intervention methods as having a moderate or marked effect on E. coli
O157 in cattle faeces
Percentage of participants
supporting a moderate or marked effect*
All
UK/Ireland
America
Other
P**
Intervention method
(n=93)
(n=27)
(n=42)
(n=24)
Vaccination
57.0
70.4
59.5
37.5
0.056
Abrupt change in diet
50.5
48.1
54.8
45.8
0.775
Sodium chlorate in water
34.4
22.2
50.0
20.8
0.020
Probiotics in feed
32.3
14.8
47.6
25.0
0.014
Fasting prior to slaughter
31.2
29.6
21.4
50.0
0.058
Use of antibiotics
30.1
14.8
42.9
25.0
0.039
Genetic variation
8.6
3.7
7.1
16.7
0.281
*The proportion of participants answering ‘don’t know’ were included in the category
‘none/minimal’. See Appendix 3 Table 7.4 for the complete table presenting all categories.
** P value represents the significance of cross-tabulations of the geographical regions.
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Table 2.3 Percentage of participants that agreed with one of five definitions of super
shedding of E. coli O157, with breakdown by country
Percentage of participants
Suggested definitions of super shedding
Sheds at high levels at multiple events
Sheds at high levels at a single event
Sheds at high levels and continuously
Not a useful concept
Sheds at varying levels but continuously

All
(n=94)
35.8
30.5
15.8
12.6
4.2

UK/Ireland
(n=28)
32.1
46.4
10.7
10.7
0.0

America
(n=41)
41.5
29.3
12.2
14.6
2.4

Other
(n=25)
32.0
16.0
28.0
12.0
12.0
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Table 2.4 Percentage of participants that selected one out of six concentrations, used to
indicate E. coli O157 super shedding, with breakdown by country
Percentage of participants
Suggested concentration to indicate super
shedding
>104 CFU/g of faeces
>105 CFU/g of faeces
>103 CFU/g of faeces
>106 CFU/g of faeces
>102 CFU/g of faeces
Faecal shedding at any concentration
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All
UK/Ireland America
(n=84)
(n=21)
(n=39)
60.7
57.1
69.2
20.2
23.8
17.9
13.1
14.3
10.3
2.4
0.0
2.6
2.4
4.8
0.0
1.2
0.0
0.0

Other
(n=24)
50.0
20.8
16.7
4.2
4.2
4.2

Table 2.5 Percentage of participants, with breakdown by geographic region, that indicated their agreement with specific statements
Percentage of participants in agreement
Statement

Statements solicited from the experts

All
(n=91)

UK/Ireland
(n=26)

America
(n=41)

Other
(n=24)

P*

A

35.2

38.5

29.3

41.7

0.588

82.4

80.8

82.9

83.3

1.000

24.2

7.7

34.1

25.0

0.040

D

It is difficult to assess from the scientific literature whether genuine risk factors exist for the shedding
of E. coli O157 in cattle
The presence of a super shedder in the herd increases the risk of spread of E. coli O157 to other
cattle in the herd
Super shedding events are less likely to occur in a pasture fed beef herd compared to a lot fed beef
herd
To refer to super shedding, I prefer to use the term “super shedding animal”

36.3

46.2

26.8

41.7

0.217

E

To refer to super shedding, I prefer to use the term “super shedding phenomenon”

26.4

11.5

31.7

33.3

0.118

B
C

* P value represents the significance of differences between geographic regions

Table 2.6 Percentage of participants, with breakdown by discipline, that agreed with statements A-E (specified in Table 2.5)
Percentage of participants in agreement
Statement

All
(n=91)

Epidemiology
(n=27)

Microbiology
(n=20)

Health
(n=30)

Pathology
(n=16)

Policy
(n=28)

Cattle
(n=39)

E. coli O157
(n=78)

P*

A

35.2

33.3

20.0

36.7

18.8

28.6

33.3

37.2

0.671

B

82.4

63.0

90.0

86.7

68.8

82.1

82.1

82.1

0.191

C

24.2

7.4

30.0

20.0

18.8

25.0

20.5

23.1

0.606

D

36.3

18.5

40.0

33.3

18.8

39.3

33.3

34.6

0.534

E

26.4

22.2

25.0

26.7

43.8

25.0

23.1

28.2

0.702

* P value represents the significance of differences between geographic regions

Table 2.7 Percentage of participants, with breakdown by cattle
industry, that agreed with statements A-E (specified in Table 2.5)
Percentage of participants in agreement
Statement

All
(n=88)*

Beef
(n=27)

Dairy
(n=9)

Both
(n=52)

P

A

35.2

29.6

33.3

38.5

0.803

B

82.4

85.2

88.9

78.8

0.710

C

24.2

25.9

33.3

19.2

0.480

D

36.3

25.9

44.4

57.6

0.498

E

26.4

25.9

33.3

33.3

0.822

*total number of participants is 88 instead of 91, because 3
participants had no experience with cattle
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3.1 Summary
This study aimed to describe in detail the temporal dynamics of E. coli O157
shedding and risk factors for shedding in a grass fed beef herd. During a 9 month
period, 23 beef cows were sampled twice a week (58 sampling points) and E. coli
O157 was enumerated from faecal samples. Isolates were screened by PCR for
presence of rfbE, stx1 and stx2. The prevalence per sampling day ranged from 0 to
57%. This study demonstrated that many members of the herd were concurrently
shedding E. coli O157. Occurrence of rainfall (P<0.01), feeding silage (P<0.01) and
lactating (P<0.01) were found to be predictors of shedding. Moving cattle to a new
paddock had a negative effect on shedding. This approach based on short-interval
sampling confirms the known variability of shedding within a herd and highlights
that high shedding events are rare.
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3.2 Introduction
Infection with E. coli O157 in humans is uncommon but potentially fatal
(Pennington, 2010). The organism is a common commensal in the gastrointestinal
tract of cattle (Nataro and Kaper, 1998). A great deal of research on Escherichia coli
O157 in cattle has been completed in the last 30 years (Chase-Topping et al., 2008;
Arthur et al., 2010; Meng et al., 2013), although it is uncertain whether this has
resulted in lower rates of human illness. No decrease in reported clinical cases with
E. coli O157 has been noted in Scotland over the last 10 years (Pearce et al., 2009)
and foodborne outbreaks still frequently occur in many countries. Whether humans
become infected through foodborne or environmental pathways, cattle faeces are
considered the primary source of infection (Chapman et al., 1993). Therefore
understanding the dynamics of shedding of this organism in cattle and the factors
that influence shedding are priorities for improving the prevention of human
infection.
E. coli O157 is invariably detected in cattle populations that are subjected to
sufficient sampling and testing. However, the prevalence of E. coli O157 within
herds is variable, with estimates ranging from 0.7 to 28% in the USA (Elder et al.,
2000; LeJeune et al., 2006), 3.4 to 21.8% in the UK (Pearce et al., 2009) and 1.9 to
13% in Australia (Cobbold and Desmarchelier, 2000; Fegan et al., 2004). While
some studies have described peaks in prevalence during late spring, summer and
early autumn (Heuvelink et al., 1998b; Barkocy-Gallagher et al., 2003), others, all
carried out in Great Britain, report a lack of convincing seasonal pattern (EllisIversen et al., 2009; Smith et al., 2010). Thus, whether or not shedding is a seasonal
phenomenon is uncertain. In addition to variation in location, which may drive
differences, most studies have not sampled for a sufficient length of time to allow
them to conclude whether peaks in prevalence are part of an ongoing cyclical pattern
or are simply a manifestation of the particular period of observation.
Describing the epidemiology of E. coli O157 in cattle is challenging because of the
cost and inconvenience of measuring the concentration of the pathogen in faeces.
Intermittent patterns of shedding have been shown in calves (Robinson et al., 2004;
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Widiasih et al., 2004), but little is known about the shedding pattern of live adult
beef cattle. This is especially so for pasture-based production systems which are not
well represented in the literature. While a few longitudinal studies have been
performed in adult beef cattle (Lahti et al., 2003; LeJeune et al., 2004; Cobbold et
al., 2007; Arthur et al., 2009; Kondo et al., 2010; Smith et al., 2010), data describing
the shedding patterns of individual animals that have been repeatedly sampled at
short time intervals (less than seven days) are missing. Most longitudinal studies
used fortnightly or monthly sampling intervals during a three to twelve month period
(Lahti et al., 2003; Cobbold et al., 2007; Arthur et al., 2009). Some studies have
assessed the concentration of E. coli O157 in faeces and several others featured
repeated observations on the same animals (Lahti et al., 2003; Cobbold et al., 2007;
Arthur et al., 2009; Smith et al., 2010). A study that combines these aspects of
repeated sampling and enumeration but with the repetition occurring at short time
intervals will provide new and potentially useful information about shedding of E.
coli O157 by cattle.
In this study 23 cattle were intensively studied over nine months while managed in a
temperate grazing system. They were repeatedly assessed at 3 to 7 day intervals for
the presence and concentration of E. coli O157 in faeces. The overall objective was
to describe in detail the temporal dynamics of E. coli O157 shedding in individual
cattle managed on pasture and to identify possible risk factors for shedding of this
pathogen.

3.3 Methods
3.3.1 Beef herd characteristics
A longitudinal study was performed from 4 October 2012 to 20 June 2013. The
study subjects comprised 23 primi-parous and multi-parous Hereford cattle pastured
at Charles Sturt University’s beef farm, located at Wagga Wagga, NSW, Australia
(Latitude 35° S, Longitude 147° E). Rainfall is distributed relatively evenly at 48
mm/month. Average daily minimum and average daily maximum temperatures for
summer are 16.2 °C and 31.2 °C and for winter 2.7 °C and 12.5 °C. From October to
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28 March the cattle were sampled twice a week, which was reduced to once a week
during the months of April, May, and June because of a reduction in the number of
cattle shedding (≤ one animal per day) on three sampling occasions in the last weeks
of March.
During the study period the cattle were grazed on different paddocks, varying
between 3.5 ha to 7 ha in area, according to the availability of grass, herd nutritional
requirements and environmental management considerations. The cattle were fed
cereal and ryegrass silage every Monday, Wednesday and Friday when no fresh
grass was available, starting from 30 December 2012, and continuing until the last
sampling day (Figure 3.1). The herd was used biweekly in March and bimonthly in
April and May by veterinary students of the university for teaching purposes.
Twenty-one cows and heifers calved in July 2012, including two pairs of twins,
resulting in 23 calves at foot and nursing until weaning on 24 January 2013. Thus the
calves were only present for part of the study period.

3.3.2 Ethical standards
The use of animals in this study was approved by Charles Sturt University Animal
Care and Ethics Committee Protocol number 12/060.

3.3.3 Sample collection
Animals
A minimum of 10 g of faeces were collected from each cow by rectal palpation or
during defecation while the cows were restrained in a crush in the cattle yards. For
each cow a new disposable sleeve glove was used and each faecal sample was
individually placed into a Whirl-Pak bag (Nasco, Australia). Transportation occurred
on ice within two hours of the first sample being taken and samples were processed
directly on arrival at the laboratory.
Rectal temperature, faecal score and hide contamination were recorded for each cow
at every sampling. Rectal temperature was measured after the faecal grab was taken.
Faecal score was categorized from 1 to 4 (runny – loose – soft – dry) (Alberta Dairy
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Management (ADM)) and hide contamination from 1 to 5 (clean and dry – slightly
dirty – dirty – very dirty – extremely dirty and wet) (Food Standards Agency (FSA)
report, 2002). Weight (kg) and body condition score (score 1 – 5) (Department of
Agriculture Fisheries and Forestry (DAFF)) were recorded every 14 days. The first
author undertook all sampling and data recording.

Environment
Rainfall (mm in 24 hours prior to sampling), ambient temperature (mean °C in 24
hours prior to sampling), day length (hours between sunrise and sunset on the day of
sampling), humidity (% relative humidity at 9 am) and hours of bright sunshine
(bright sunshine in the 24 hours to midnight prior to sampling) were obtained for
each day throughout the study from the Bureau of Meteorology (BOM). Rainfall
data was obtained from the BOM weather station located <2 km from the herd
location, while all other data was retrieved from the BOM weather station located
<15 km away. The quantity and quality of the pastures were recorded every 14 days.
Quantity was measured by assessing the average height, using methods described by
Morris and Kenyon (Morris and Kenyon, 2004). Quality was determined by the
stage of pasture growth, e.g. short actively growing vegetative pasture (80%), tall
actively growing vegetative pasture (75-80%), early flowering (70-75%) or late
flowering (65-70%). Contamination of drinking water with E. coli O157 was
analysed coinciding with the pasture estimates. Water samples, from all drinking
water troughs in the paddock used at the time of sampling, were collected into 120
ml sterile containers (Sarstedt, Australia), directly transported to the laboratory and
analysed together with the faecal samples.

Management
Management variables that changed during the period of study were recorded. This
included feeding of supplements, artificial insemination, joining with a bull, weaning
of the calves, spread of fertiliser on the pastures, relocation to other paddocks,
medical treatments and vaccinations. The dates of veterinary teaching classes
(teaching of cow handling, claw trimming and casting) were recorded.
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3.3.4 Sample processing
Faecal samples
Ten grams of faeces from each sample were homogenized in 90 ml of sterile
buffered peptone water (BPW) (Oxoid, Australia). For each homogenized broth 100
µl was plated directly on sorbitol MacConkey + 5-bromo-4-chloro-3-indolyl-b-Dglucuronide agar (Oxoid, Australia) containing cefixime (0.05mg/L) and potassium
tellurite (2.5 mg/L) (Oxoid, Australia) (CT-SMAC + BCIG) and incubated for 18-24
hr at 37 °C for direct culture (Okrend et al., 1990). Each homogenized broth was
incubated at 37 °C for 6 hours (Dunn et al., 2004). The enriched broth was stored at
4 °C until immunomagnetic separation (IMS) was performed the next day.

Confirmation and storage
After incubation of the CT-SMAC + BCIG plates, all plates were screened for nonsorbitol fermenting and β-glucuronidase negative colonies (straw-coloured colonies).
Up to ten suspect colonies were tested using an E. coli O157 latex test (Oxoid,
Australia) to confirm the colonies as O157 or otherwise (Cernicchiaro et al., 2011).
When positive colonies on direct culture plates were found, the number of CFU was
counted and the CFU/g of faeces estimated after accounting for the dilution factor.
Pure isolates were stored at -80 °C in BPW with 20% glycerol for later analysis by
PCR.

Water samples
The water samples were filtered with cellulose nitrate membrane filters with pore
size 0.2 µm (Bio Rad, Australia). The entire filters were added to 90 ml sterile BPW,
direct plated and enriched as described for the faecal samples.

Immunomagnetic separation
For all faecal and water-samples that were negative after direct plating, manual IMS
was performed. Two ml of each enriched sample was centrifuged for two minutes at
52 × g prior to IMS. A 24 well plate was set up with 20 µl of anti E. coli O157
immunomagnetic beads (Invitrogen, Australia). One thousand µl of the supernatant
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of each enriched centrifuged sample was transferred to a well (Fegan et al., 2004)
and thoroughly mixed with the beads on a gyratory mixer (Ratek, Australia) for one
hour. The plate was then placed on a magnet for two minutes to immobilize the
beads after which the enrichment solution was removed while the plate remained on
the magnet. After removing the plate from the magnet, the beads were washed in
1000 µl of phosphate buffered saline (PBS) (MP Biomedicals, Australia) with 0.05%
Tween 20 (Sigma, Australia) (PBST). The solution was mixed for two minutes and
placed back on the magnet for two minutes to immobilize the beads. Again the wash
solution was removed and the wash step repeated. After the second wash the beads
were removed from the magnet and re-suspended in 100 µl PBST. The resulting
solution was split and inoculated onto CT-SMAC + BCIG plates and incubated 1824 h at 37 °C (Dunn et al., 2004; Fegan et al., 2004).

3.3.5 PCR
All isolates were screened by PCR for the presence of rfbE, which encodes the
E. coli O157 serogroup (Wang et al., 2002), and for the virulence genes stx1 and stx2
(Paton and Paton, 1998) (Table 3.1). Colony PCR was performed on samples, using
OneTaq DNA polymerase (New England Biolabs, USA). A multiplex PCR assay
was set up for detection of the aforementioned genes using a multiplex PCR plus kit
(Qiagen, Australia). Thermocycling was performed in a Bio-Rad S1000 Thermal
Cycler (Bio-Rad, Australia) following the cycling conditions from Paton and Paton
(1998). PCR products were then visualized on a 2% agarose gel containing SYBR
Safe DNA gel stain (Invitrogen, Australia).

3.3.6 Descriptive analysis
Graphical analysis was performed to assess relationships between the probability of
cattle shedding E. coli O157 and a range of animal and environmental variables.
Data describing each individual animal’s shedding status at each sampling point was
summarized for the herd to give the observed proportion of cattle shedding E. coli
O157. These proportions were then fitted to a cubic spline model to provide a
smoothed curve (and accompanying 95% confidence interval) defining the
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probability of shedding through time and providing a basis for visually assessing the
relationship between various factors (animal, environment and management) and the
occurrence of shedding (Figures 3.3-3.5). The graph displaying probability of
shedding through time was annotated with the timing of key management events
such as movement to new paddocks, weaning, vaccination and handling (Figure 3.1).

3.3.7 Statistical analysis
Herd level
Trend in the proportion of animals testing positive to E. coli O157 on each sampling
day was estimated by a cubic spline model. Visual assessment of this curve,
overlayed with animal, environment and management variables, was performed to
explore any putative associations in the first instance. Visual analysis of this curve
revealed that one minor and three substantial discrete peaks in shedding occurred
over the period under study. The three events with estimated peak proportion of herd
shedding at greater than 20% were described as a “herd shedding event” and defined
as the period where the estimated probability of shedding exceeded 0.1. Reassessing
the data in light of herd shedding events allowed all sampling points (days on which
sampling occurred) to be classified as occurring within six discrete events comprised
of three shedding events alternating with three non-shedding events.
Generalised linear mixed models were used to assess whether variation in each
animal, environmental and management variable at each sampling point could be
associated with a period of time identified previously as a “herd shedding event”. For
animal-level variables (hide contamination score, faecal consistency score, body
weight, body condition score, rectal temperature, pregnancy status (Y=1/N=0) and
lactating (Y=1/N=0)), the animal-level variable was specified as the outcome, while
herd shedding event (Y/N) was included as a fixed effect. The event number (1-6)
and cow identifier (1-23) within each event were estimated as random effects
reflecting the nested sampling structure of observations within cows within events.
For management and environmental variables taken at the herd level (movement
between paddocks (Y=1/N=0), feeding of silage (Y=1/N=0), handled by students

78

(Y=1/N=0), calves at foot (Y=1/N=0), quality and quantity of the pasture, rainfall,
humidity, temperature, hours of bright sunshine and day length) herd shedding event
was estimated as a fixed effect and event number as a random effect. These model
structures were adopted in order to account for the inclusion of herd-specific random
effects and to allow for more biologically meaningful interpretation of coefficients.
Null hypothesis significance tests for the fixed effects were conducted by calculation
of the analysis of variance table for each model. Least squares estimates and standard
errors of average responses under each shedding event class were calculated from
each model.

Individual animal level
Logistic regression analysis was used to explore the effect of potential animal,
environmental and management level risk factors on individual animal shedding.
First, single variable analyses were performed. Variables with P<0.05 were jointly
analysed using a forward selection procedure in multiple regressions. As repeated
observations of individual animals may not be independent, a random effect of cow
identifier was included.
Based on the estimated counts from faecal samples animals were categorized as
negative, low- (<103 CFU/g) or high-level (≥103 CFU/g) shedders of E. coli O157
(Table 3). These data were analysed by using a generalised linear model with
presence of a high shedder as the binomial outcome, low shedding as a fixed effect
and cow identifier as a random effect.

3.4 Results
3.4.1 Descriptive and statistical analysis
During the nine month study period, a total of 1323 faecal samples were collected
from 23 Hereford cows over 58 sampling days. E. coli O157 was isolated from 168
(12.7%) samples with 21 (1.6%) positive on direct enumeration plates and 147
(11.1%) positive only through IMS. The amount of E. coli O157 shed in the faeces
ranged from <102 to 2.07 × 104 CFU/g of faeces. All cows within the herd shed E.
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coli O157 at least once during this study (Figure 3.2). A large variation in the
frequency of shedding among animals was identified. E. coli O157 was shed
intermittently by all animals and the number of occasions on which an individual
cow was identified as shedding E. coli O157 ranged between 2 and 15 (out of 58
sampling points in total). The maximum number of consecutive sampling points that
an animal was found to be positive (by either direct culture or IMS) was seven (3.5
weeks). The prevalence per sampling day ranged from 0 to 56.5% (Figure 3.1). Out
of 168 isolates screened by PCR, all were positive for the O157 rfb gene, 166
(98.8%) were positive for stx1 and stx2, and two (1.2%) were positive for stx1 only.
E. coli O157 was isolated from 1 of 62 water samples that were collected during the
study. The isolate identified within water tested positive for the O157 rfb-, stx1- and
stx2 gene by PCR. This positive water sample was found on 11 November 2012
when E. coli O157 was not recoverd from any of the cows.
Temporal data on shedding events and management events are shown in Figure 3.1.
This figure shows three distinct peaks in probability of shedding. There was a major
peak in mid-summer (from mid-December to late January), a minor peak in autumn
(late February to mid-March) and a second major peak in early winter (late May to
late June). None of the management variables appear to be associated with any of the
peaks in shedding.
Time-based change in the probability of shedding is also shown in Figure 3.2
accompanied by the temporal patterns of rainfall and humidity. Although all of the
peaks in shedding are immediately preceded by rainfall this can also be said for
many periods where shedding was not detected. Thus, descriptive evidence alone
does not support a relationship between variation in rainfall and the presence or
absence of a “herd shedding event”. However, the generalised linear mixed model
showed that rainfall is a risk factor (P=0.03): the mean of rainfall in the 24 hours
prior to sampling during herd shedding events (3.4 mm) differed significantly from
that for non-shedding events (0.6 mm) (Table 3.2). Visually, there was no apparent
association between humidity and shedding, which was confirmed by statistical
analysis.
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Temporal change in the probability of shedding in Figure 3.3 is accompanied by the
temporal patterns of temperature, hours of bright sunshine and day length. All three
variables show a similar temporal curve. Based on this descriptive evidence the
variation in the environmental variables could not be explained by the presence or
absence of a “herd shedding event”. This was supported by statistical analysis in
which none of these variables was a significant risk factor (Table 3.2).
Time-based change in the probability of shedding is shown in Figure 3.4 together
with the temporal patterns of the individual animal variables: body weight, faecal
consistency and hide contamination. Visually, there was no apparent association
between any of the three variables and the probability of shedding E. coli O157.
Statistical analysis of the animal variables in a generalised linear mixed model
showed that neither the variation in live weight nor in faecal consistency was
associated with the presence or absence of a “herd shedding event” (Table 3.2). The
average level of hide contamination score during shedding events (1.4) did differ
from non-shedding events (1.7) (P=0.04).
Single variable analysis to explore potential risk factors associated with individual
animal shedding resulted in eight variables that were jointly analysed using multiple
regression. The final logistic model is shown in Table 3.3. Four variables remained
in the final model. In order of statistical significance the risk factors were the feeding
of silage (P<0.01), lactating (P<0.01), rainfall in the week prior to sampling (P<0.01)
and movement between paddocks (P=0.04).
In total, E. coli O157 was isolated from 168 samples on 38 of the 58 sampling days.
Analysis showed that the presence of a high level shedder was significantly (P=0.04)
associated with a greater proportion of low shedding animals on the same day (odds
ratio = 1.3, standard error = 0.14).

3.5 Discussion
The current study focused on the temporal dynamics of E. coli O157 shedding in
adult grass-fed beef cattle. Although marked variation of shedding between and
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within individuals occurred, an obvious pattern in shedding over time was identified.
The outstanding feature of the variation in the probability of shedding was the three
distinctive peaks indicating the herd experienced discrete shedding events where
many animals were concurrently shedding, referred to as synchronization of
shedding. Previous studies have reported peaks of shedding in summer and early
autumn, which is in agreement with the first two peaks in shedding in the current
study; however, the third peak of shedding occurred in winter. Most longitudinal
studies performed previously sampled only once a month (Arthur et al., 2009; Kondo
et al., 2010), which only provides crude information on temporal shedding patterns
within a herd. The findings here suggest that if more frequent sampling had been
used in earlier studies, e.g. twice a week, a different seasonal pattern might have
been detected. Moreover, with the use of individual animal data it is evident that the
synchronisation of shedding amongst cows is accompanied by a marked elevation in
the concentration of the pathogen in faeces. This indicates that shedding at high
levels does not occur independently of other animals shedding low levels of the same
pathogen within the herd. Previous studies have also observed an association
between the presence of a high level shedder in the herd and a high proportion of low
shedders (Low et al., 2005; Chase-Topping et al., 2007). Whether high level
shedding is the cause of low level E. coli O157 shedding, or vice versa, is not
known.
Intermittent shedding patterns have also been reported previously in calves
(Robinson et al., 2004; Widiasih et al., 2004). However, in this study very few cattle
shed at high levels and the duration was very short. Robinson and colleagues (2004)
observed animals shedding at high levels for extended periods but this study looked
at a group of calves purposefully selected because they were known to be shedding.
The current study is somewhat unique because it studies shedding and non-shedding
animals in detail over time in a natural setting. There are two other notable
explanations for the lower frequency in high-level-shedding and the lower
concentrations found in this study compared to other studies. One is an effect due to
the age of the animals since younger animals (2-6 months of age) are associated with
a greater prevalence of E. coli O157 than adults (Paiba et al., 2003). Secondly, the
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majority of previous studies involved feedlot cattle, where the high density of
housing is likely to increase animal-to-animal transmission (Jeon et al., 2013),
compared to animals at pasture. Next to this, E. coli O157 in cattle faeces is not
evenly distributed and its density can vary between sites in a faecal pat (Pearce et al.,
2004a), which might influence the concentration of the organism.
Previously, only Williams et al. (2015c) identified an association between increasing
rainfall and increased shedding of E. coli O157 in calves in Sydney, Australia (a
higher rainfall environment compared to the present study). Rainfall events could
feasibly promote shedding by making conditions beneficial for multiplication of the
bacteria in the environment, changing pasture conditions to increase exposure of
cattle to E. coli O157, or by somehow affecting forage composition and nutrition
leading to alterations in the gut favouring proliferation of E. coli O157. Previous
research in other countries has not found a relationship between rainfall and
shedding. However, these studies did not rely on short-interval sampling and were
conducted in different climates and production systems.
The negative association between hide score and probability of shedding in this
study was unexpected and does not appear to be biologically plausible. It is very
likely that this association is a spurious finding arising from either chance or
measurement error.
Feeding silage was demonstrated to be associated with E. coli O157 shedding on the
individual animal level. Many studies on diet and E. coli O157 shedding have been
performed, often presenting contradictory results. Whether the significant association
with silage found in this study is due to a direct effect of silage on the microbiome or
due to changes in the environment (e.g. drought) which were the reason for feeding
silage, is not known.
Lactating was also positively associated with shedding of the pathogen. This effect
has not been reported in literature before. It is possible that stress or hormonal
changes influence E. coli O157 shedding cattle.
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This study found that when animals were moved to another paddock in the week
prior to sampling they were less likely to shed E. coli O157. This might have
resulted from the absence of fresh faecal pats in a new paddock and reduced E. coli
O157 contamination.
The advantage of using a smoothed curve (rather than raw data on animal shedding)
is that it takes account of noise due to sampling variation arising from the small
number of individuals, and, at each time point it uses data from proximal time points
to support the estimation of probability of shedding (Verbyla et al., 1999). In this
way, it was possible to avoid potential false positive significant correlations due to
chance associations that frequently occur when comparing two time series of events
(Aldrich, 1995). It must be noted that when analysis of variance was applied on score
variables, such as hide contamination score, that these scores should not be seen as
‘ranks’, but as proxy measurements for an underlying true scale of dirtiness, and
averages and standard errors do supply useful information.
Because this study was based on a single herd, care must be taken when
extrapolating interpretation to the broader population of cattle. Nevertheless, the
major findings are helpful because, for example, they suggest that shedding patterns
vary substantially between production systems (e.g. pasture beef, dairy and feedlot
beef), and that animals within a herd can be synchronised in their shedding (and nonshedding) which may have practical implications for the risk of human exposure to
E. coli O157. Moreover, the extent of individual animal variability revealed in this
work and previous studies (Robinson et al., 2004; Matthews et al., 2006a) casts
doubt on findings of risk factor and intervention studies where outcomes are based
on single assessment of dichotomous shedding status. Findings here have also
highlighted the lack of precision in the present understanding of shedding patterns in
beef cattle and point to the need to now focus on describing the extent of daily
variation in shedding within individual animals.
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3.6 Tables
Table 3.1 Primers used for detection of E. coli O157 genes
Amplicon
Primer

Sequence

Target gene

size (bp)

Reference

rfbE_F

CTACAGGTGAAGGTGGAATGG

rfbEO157

327

Wang et al. (2002)

rfbE_R

ATTCCTCTCTTTCCTCTGCGG

Stx1_F

ATAAATCGCCATTCGTTGACTAC

stx1

180

Paton and Paton

Stx1_R

AGAACGCCCACTGAGATCATC

Stx2_F

GGCACTGTCTGAAACTGCTCC

stx2 (including

Stx2_R

TCGCCAGTTATCTGACATTCTG

stx2 variants)

(1998)
255
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Table 3.2 Variables relating animal, management and environmental factors with the mean
and standard error (std error) for shedding vs. non-shedding events and the P value

Variable

Shedding events

Non-shedding events

mean (std error)

mean (std error)

P value

Animal
Hide contamination (1/2/3/4/5)

1.39 (0.08)

1.69 (0.08)

0.04

Faecal score (1/2/3/4)

2.42 (0.15)

2.21 (0.14)

0.22

37.95 (0.06)

37.97 (0.06)

0.81

Pregnant (yes/no)

1.61 (0.06)

1.60 (0.06)

0.39

Lactating (yes/no)

0.25 (0.28)

0.30 (0.28)

0.88

644.53 (12.28)

648.05 (12.26)

0.77

3.87 (0.08)

3.89 (0.08)

0.63

Move paddock (yes/no)

0.09 (0.07)

0.11 (0.05)

0.88

Silage (yes/no)

0.91 (0.25)

0.66 (0.25)

0.43

Handled by students (yes/no)

0.13 (0.16)

0.20 (0.15)

0.69

Calves at foot (yes/no)

0.27 (0.30)

0.33 (0.30)

0.88

11.32 (16.21)

22.00 (16.01)

0.50

107.70 (221.93)

305.73 (219.66)

0.43

3.35 (1.12)

0.58 (0.84)

0.03

Mean environmental temperature

19.72 (3.64)

20.34 (3.59)

0.73

Day length

12.09 (1.02)

12.62 (1.02)

0.96

8.61 (2.12)

9.48 (2.06)

0.90

60.38 (6.25)

57.64 (5.90)

0.99

Temperature

Weight
Body condition score (1/2/3/4/5)
Management

Pasture quality (0/65/80)
Pasture quantity
Environment
Rainfall previous 24h (mm)

Sun
Humidity
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Table 3.3 Final model from multiple regression on individual animal level
Variable

Estimated effect (SE)

Odds ratio

95% CI

P value

Silage (yes/no)

2.36 (0.273)

10.56

6.18-18.03

<0.001

Lactating (yes/no)

2.07 (0.225)

7.89

5.08-12.26

<0.001

Rainfall previous week (mm)

0.67 (0.214)

1.95

1.28-2.97

0.002

-1.12 (0.531)

0.33

0.12-0.92

0.035

Move paddock (yes/no)
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3.7 Figures

Figure 3.1 Temporal change in probability of animals shedding E. coli O157 (and
95% confidence intervals), the timing of management variables and the timing of
movement of animals between paddocks.
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Figure 3.2 Plot of the individual shedding patterns. Samples in which E. coli O157 was detected
only by IMS (grey dots) are represented as 50 CFU/g. Sampling points for which enumeration
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was possible are indicated by black dots and samples in which no E. coli O157 was detected
are represented by white dots.

Figure 3.2 Temporal change in probability of animals shedding E. coli O157,
rainfall (mm) in the 24 h prior to sampling, and relative humidity (%) at 09:00
hours on the day of sampling.
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Figure 3.3 Temporal change in probability of animals shedding E. coli O157, mean
environmental temperature (°C) in the 24 h to 09:00 hours, bright sunshine (hours) in the
24 h to midnight prior to sampling, and day length on the day of sampling.
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Figure 3.4 Temporal change in probability of animals shedding E. coli O157, mean
body weight, mean faecal score, and mean hide contamination score, accompanied
by the data for each individual animal.
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4 Daily shedding dynamics of E. coli O157 in a grassfed beef herd
4.1 Introduction
E. coli O157 is both a commensal in the gut of ruminant animals and an enteric
pathogen in humans. Although infections in ruminants are asymptomatic, infection
in humans can result in serious disease, including haemolytic uraemic syndrome
(HUS) and death. Cattle faeces are widely regarded as the most important source of
infection for humans, with exposure occurring either indirectly by the consumption
of contaminated food or water, or by direct contact with faecal material of cattle.
The frequency and duration of shedding, along with the concentration of the
organism in faeces, represent important determinants of the risk of human exposure
to E. coli O157 (Chase-Topping et al., 2008; Matthews et al., 2013). Marked
variation in these attributes between and within individual cattle has often been
observed (Smith et al., 2010; Munns et al., 2014; Williams et al., 2014a).
Understanding the dynamics of shedding of E. coli O157 will help in estimating the
likely benefits of practical control measures for this pathogen.
Substantial differences in the duration and frequency of shedding in naturally
infected cattle have been reported (Besser et al., 1997; Shere et al., 1998; Robinson
et al., 2004; Widiasih et al., 2004; Smith et al., 2010; Williams et al., 2014b). It has
been suggested that shedding of E. coli O157 in the faeces of cattle may be either
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transient, where the pathogen is shed over a short time period following ingestion, or
long term, arising from colonisation (Lim et al., 2007). However, several studies
have shown that there is considerable site-to-site variation in detection of E. coli
O157 in faecal pats, suggesting that all E. coli O157 prevalence estimates derived
from one location per faecal sample are likely underestimates of the true prevalence
of this pathogen in cattle. The shortest duration of shedding identified in the
literature is 15 days which was reported by Robinson and colleagues (2004), who
used short sampling intervals, e.g. twice a day and daily. Other studies that used
weekly, monthly or even longer sampling intervals report far greater duration of
shedding, varying from 4 to 16 weeks (Besser et al., 1997; Shere et al., 1998;
Widiasih et al., 2004; Smith et al., 2010; Williams et al., 2014b). A limitation of
these latter studies is that the intermittent nature of E. coli O157 shedding in cattle
makes it difficult to interpret the exact duration and consequently reflect the pattern
of shedding. For example, when a long sampling interval is used it is necessary to
interpolate between sampling points. It is impossible to say whether an animal that
was shedding at two consecutive sampling points did not in fact have one or more
periods of non-shedding between these events. The value of shedding information
from long-interval sampling is therefore questionable, but given the rareness of
studies that have relied on 24 hour (or shorter) sampling intervals it is impossible to
objectively discuss the representativeness or lack-thereof of information acquired
through long-interval sampling. Therefore, obtaining evidence of shedding measured
at short intervals is essential to understand the value of the existing literature on
shedding, and the potential for previously unidentified shedding patterns to confound
attempts to control the pathogen in live animals.
The concentration of E. coli O157 in faeces is generally reported to range from <102
to 107 CFU/g of faeces (Chase-Topping et al., 2007; Munns et al., 2014).
Furthermore, the within-herd prevalence of E. coli O157 faecal shedding is also
reported to range from 0.7 to 100% (LeJeune et al., 2006; Williams et al., 2015a).
Variations in these quantities, as reported in the literature, are partly due to
differences in sampling and measurement methodology, as well as also reflecting the
difficulty associated with quantification of an organism that is unequally distributed
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within the faecal pat (Pearce et al., 2004b). However, variation in concentration may
also occur due to intermittent shedding, which might result from individual animal
factors such as immune status and social stress, or environmental exposure such as
the introduction of a new strain and multiplication of the pathogen in the
environment (Smith et al. 2010).
Most studies that address shedding in cattle have used calves that were either housed
in pens or individually restrained (Shere et al., 1998; Robinson et al., 2004; Widiasih
et al., 2004). Only a few studies have observed cattle in pasture based production
systems, reflecting common practice in many geographical environments in
Australia, and those that did used weekly or longer sampling intervals (Cobbold and
Desmarchelier, 2000; Kondo et al., 2010). A recent study by Williams et al. (2014a)
assessed the presence and concentration of E. coli O157 in dairy heifers on pasture
over a period of five months using weekly sampling intervals and found no pattern to
shedding in these animals. However, a similar study, performed in beef cattle and
using 3 to 7 day intervals identified a distinct pattern associated with E. coli O157
shedding (Chapter 3). In this study, periods of high prevalence across a single herd,
frequently accompanied by a marked elevation in the concentration of the pathogen,
were separated by periods of reduced prevalence, which is similar to the pattern
reported in a previous study by Hancock et al. (1997). It is not known whether these
peaks reflect re-infection or a cyclical dominance of the pathogen in the gut flora. To
accurately study the pattern of shedding and identify whether shedding is
predictable, studies using short sampling intervals and enumeration of the pathogen
in cattle in a natural setting are needed.
The current study intensively sampled 24 beef cattle that were managed in a
temperate grazing system over 14 days. The cattle were sampled twice daily for the
first seven days and daily for the following seven days and the presence and
concentration of E. coli O157 in faeces was elucidated. The overall objective was to
further describe the shedding dynamics of E. coli O157 in individual cattle managed
on pasture using short sampling intervals. Specifically, the aim was to identify the
value of a single measurement for predicting whether or not shedding occurs
95

subsequently in the same day, and, whether or not shedding occurs in the days
immediately following.

4.2 Methods
4.2.1 Identification of study group
Preliminary screening (day 0) was performed to identify shedding of E. coli O157 in
Angus cows (n=196) aged from three to nine years and pastured at Charles Sturt
University’s beef farm in Wagga Wagga, NSW, Australia in February 2014. A
minimum of 10 g of faeces were collected from each cow by rectal palpation or
during defecation while the cows were restrained. All faecal samples were held in
sterile Whirl-Pak bags (Nasco, Australia), placed immediately on ice and transported
to the laboratory within four hours of collection. All samples were examined for the
concentration of E. coli O157 by direct faecal culture. From those samples that were
negative on direct culture, 100 samples were chosen at random for immunomagnetic
separation (IMS). On day six, 24 animals were selected as the study subjects (all of
the direct culture positive animals, complemented with randomly selected IMS
positive animals) and managed together as a group for the duration of the work.

4.2.2 Sampling from the study group
Study subjects were managed over a 14 day period on pasture nearby the cattle
yards. The herd was fed cereal and ryegrass silage every second day because the
availability of fresh grass was limited. Faecal samples were obtained as per the
above procedure twice daily (8am and 3pm) during the first seven days, continuing
with daily sampling (8am) for an additional seven days. Data on rainfall (mm in 24
hours prior to sampling) and ambient temperature (°C in 24 hours prior to sampling)
were recorded.

4.2.3 Laboratory assays
All samples were examined for the concentration of E. coli O157 by direct culture.
Briefly, 10 grams of faeces from each sample were homogenized in 90 ml of sterile
96

buffered peptone water (BPW) (Oxoid, Australia). For each homogenized broth 100
µl was plated directly on sorbitol MacConkey + 5-bromo-4-chloro-3-indolyl-b-Dglucuronide agar (Oxoid, Australia) containing cefixime (0.05mg/L) and potassium
tellurite (2.5 mg/L) (Oxoid, Australia) (CT-SMAC + BCIG) and incubated for 18-24
hr at 37 °C for direct culture. Suspect colonies were tested using an E. coli O157
latex test (Oxoid, Australia) for rapid presumptive identification of E. coli O157.
Samples not yielding E. coli O157 by direct plating were enriched at 37 °C for six
hours after which manual immunomagnetic separation (IMS) was performed. This
consisted of a clarification spin at 52 RCF for two minutes, after which 1000 µl of
the supernatant was mixed with 20 µl of anti E. coli O157 immunomagnetic beads
(Invitrogen, Australia) and separated on a plate magnet. The supernatant was
removed and the beads were washed in 1000 µl IMS wash buffer (phosphate
buffered saline with 0.05% Tween 20). This wash step was repeated twice and after
the second wash the beads were re-suspended in 100 µl wash buffer. The resulting
solution was split and inoculated onto CT-SMAC + BCIG plates and incubated 1824 h at 37 °C. Again, suspect colonies were tested using an E. coli O157 latex test
(Oxoid, Australia) to confirm the colonies as O157 or otherwise.
Isolates positive by latex test were screened by PCR for the presence of rfbE,
encoding the E. coli O157 serogroup, and for the virulence genes stx1 and stx2.
Colony PCR was performed using OneTaq DNA polymerase (New England Biolabs,
USA). A multiplex PCR assay was set up for detection of the aforementioned genes
using a multiplex PCR plus kit (Qiagen, Australia). Thermocycling was performed
in a Bio-Rad S1000 Thermal Cycler (Bio-Rad, Australia) following the cycling
conditions from Paton and Paton (1998). PCR products were then visualized on a 2%
agarose gel containing SYBR Safe DNA gel stain (Invitrogen, Australia).

4.2.4 Statistical analysis
The first goal of the statistical analysis was to assess whether variation in time of day
(am or pm) could be associated with the shedding of E. coli O157, using a
generalised linear mixed model. Shedding (Y/N) was specified as the outcome, time
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of day was included as a fixed effect and cow identifier (1-24) and sampling day
were included as random effects. A null hypothesis significance test was conducted
by calculation of the analysis of variance table. Least squares estimates and standard
errors were calculated from the model.
The second goal was to assess whether the presence of a high shedder could be
associated with the presence of a large number of low shedding animals. Based on
the estimated counts from faecal samples animals were categorized as negative, low(<103 CFU/g) or high-level (≥103 CFU/g) shedders of E. coli O157 (Table 4.1).
These data were analysed by using a generalised linear model with presence of a
high shedder as the binomial outcome, low shedding as a fixed effect and cow
identifier as a random effect.
The third goal was to identify whether previous shedding status (on the individual
and herd level) could be associated with current shedding. A general linear mixed
model was used to identify associations between the shedding status of each
individual animal and its previous shedding status. In this model, shedding status
(Y/N) at time t was specified as the outcome, shedding status at time t-1 was
included as a fixed effect and cow identifier was included as a random effect. At the
herd level, the correlation between the number of cattle positive for E. coli O157 at
sampling points and the number of cattle positive at previous sampling points was
examined by using Pearson correlation statistics. All statistical procedures were
carried out by using R (R Core Team, 2013).

4.3 Results
4.3.1 Identification of study group
Of the 196 Angus cattle tested at the initial screening, a total of 4 (2.0%) were
identified as shedding E. coli O157 by direct plating. Concentration of the pathogen
in these samples ranged from 200 to 500 CFU/g of faeces. Of the 100 randomly
chosen samples that were tested by IMS, a total of 40 (40%) were positive for E. coli
O157. Out of these 40 positive cattle, 20 were randomly selected to be part of the
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study group. The four cows that were selected by direct plating, were ID no. 2, 4, 6
and 23 (Figure 1). On the first sampling point of the 14 day study (day 0), 16 of the
24 cattle were shedding E. coli O157.

4.3.2 Sampling from the study group
A total of 504 faecal samples were collected at 21 sampling points over the 14 day
study period. Forty-seven (9.3%) samples from direct culture tested positive by latex
test and 272 (54.0%) samples from IMS tested positive by latex test. Out of these
319 isolates that tested positive by latex test and that were subsequently screened by
PCR, 295 (92.5%) were positive for the O157 rfb gene, which brings the total
prevalence of E. coli O157 isolates to 58.5% (295/504). From the isolates confirmed
as E. coli O157 by PCR, 199 (67.5%) were positive for stx1 and stx2, 18 (6.1%)
were positive for stx1 only, 55 (18.6%) were positive for stx2 only and 23 (7.8%)
were lacking stx genes. The stx genes in the E. coli O157 isolates from individual
cows were not consistent over the 14 day study period. Within cows, stx genes varied
between days as well as within days (Figure 1).
Only one of the 24 animals in the study group did not shed the pathogen during the
period of the study (Figure 1). Visual comparison of the 24 plots in Figure 4.1
suggests that there is no common pattern in the shedding of E. coli O157.
Marked variation in the frequency of shedding was seen among the animals that
were positive for E. coli O157. E. coli O157 was shed intermittently and the
proportion of all occasions on which an individual cow was identified as shedding
E. coli O157 ranged between 28.6% and 85.7%, with a mean of 57.1%. The number
of changes in shedding status over the study period differed considerably for each
animal, ranging from zero to 12 changes (Table 4.2).
Fourteen out of 24 (58.3%) animals shed the pathogen at concentrations ≥102 CFU/g
of faeces, of which three animals shed >103 CFU/g of faeces on several occasions.
The highest concentration detected was 1.52 × 104 CFU/g of faeces.
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There was substantial variation in the duration for which an animal was continually
shedding. Two cows (ID no. 1 and 4) were positive for E. coli O157 on each day of
the 14 day study, although on some mornings or afternoons the pathogen was
undetectable in these individuals (Figure 1). The maximum number of consecutive
sampling points that an animal was found to be positive (by either direct plating or
IMS) was 14, which equated to nine days. The herd prevalence of shedding during
the 14 day study ranged from 37.5% to 87.5% with an average of 58.5% of cattle
shedding per sampling point (Figure 2).

4.3.3 Statistical analysis
Within the same animal, shedding concentrations were not always consistent
between faecal samples collected in the morning and the afternoon (Figure 1).
Statistical analysis showed that there was no significant difference between morning
and afternoon in either frequency (P = 0.14) or concentration (P = 0.68) of positive
samples.
In total, E. coli O157 was isolated from 295 samples on 14 of the 14 sampling days
(Table 4.1). The presence of a high-level shedder was not associated with a greater
proportion of low shedding animals on the same day (odds ratio = 1.03, P = 0.84).
No association between shedding status on two consecutive days was identified
(odds ratio = 1.6, P = 0.07, Table 4.3). Similarly, an association could not be
identified for up to three days prior to the current status (Table 4.3). Also no
association appeared to exist for shedding status within a 7, 24 or 31 hour period (P
= 0.08, 0.29, 0.49 respectively, Table 4.4). No relationship was found between the
number of cattle positive for E. coli O157 at a sampling point and the number of
cattle positive at any preceding sampling point (Table 4.5 and 4.6).

4.4 Discussion
The current study focused on the daily shedding dynamics of E. coli O157 in adult
grass-fed beef cattle in their natural environment. The results show sudden changes
in the shedding of E. coli O157, which conforms with previous findings from studies
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of daily shedding dynamics in feedlot cattle, dairy heifers on pasture and dairy calves
in pens (Robinson et al., 2004; Munns et al., 2014; Williams et al., 2015a). These
results suggest that the highly variable nature of shedding is not restricted to
intensively managed animals, e.g. feedlot and dairy cattle, but can occur across all
cattle production systems.
Intermittent shedding can be a consequence of misclassification in shedding of
individual animals, a consequence of true variations in underlying shedding
concentrations, or a combination of these. Misclassification in shedding results from
inaccuracy during the process of testing for E. coli O157 since the underlying
laboratory assays are imperfect and because sampling error is introduced when
faeces are procured. Obtaining 10 grams of faeces at a single point in time is unlikely
to be completely representative of actual shedding dynamics and therefore the
sampling techniques limit the capacity to determine shedding. In addition, most
shedding occurs at very low concentrations and at this level of shedding much
greater error in dichotomous classification is likely to occur. Variation in shedding
due to a true underlying intermittent shedding pattern has been suggested by several
studies. The sporadic intake of E. coli O157 strains from environmental sources is
reported as the reason for the intermittent shedding patterns (Shere et al., 1998;
Gautam et al., 2015). Also, as Williams and colleagues (2015a) assert, the large
amount of studies that have reported intermittent shedding, whilst using sensitive
detection methods, suggests that it is likely that the observed intermittent shedding
patterns are related to sudden changes in shedding of the pathogen rather than
laboratory or interpretive error.
The second key finding is the realisation of the degree of difficulty involved with
measuring the actual duration of shedding in any one animal, given the sudden
changes in shedding of the pathogen and the possibility of misclassification of
shedding from sampling or laboratory error. Two cows in the current study were
found to be positive for E. coli O157 on each day of the 14 day study; however, on
some mornings or afternoons the pathogen was undetectable in these individuals.
From the four cows that were selected by direct plating, (ID no. 2, 4, 6 and 23
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(Figure 1)), three cows were observed to shed intermittently at high levels during the
study period, whereas the fourth cow only shed at low levels. Only four high
shedding animals were detected during initial screening of the herd which is
insufficient to draw any conclusions regarding prediction of future shedding
behaviour based on a single high shedding occasion. The maximum duration of
continuous shedding was found to be nine days in this study. Both Robinson et al.
(2004) and Williams et al. (2015a) would define these cows as persistent shedders,
e.g. animals which remained positive throughout the week.
Thirdly, the range of concentrations of E. coli O157 shed by cattle in the current
study, from undetectable to 1.52 × 104 CFU/g, is consistent with the previous study
on E. coli O157 in grazing beef cattle in Australia (Chapter 3) and falls within the
range of maximum concentrations found in former studies; 104 CFU/g (Shere et al.,
1998) to 107 CFU/g (Arthur et al., 2009).
The fourth key finding is the unpredictability of shedding at the individual- and herd
level. No obvious patterns within days were found, which is in agreement with a
previous study by Robinson and colleagues (2004) and supported by the statistical
analysis in which no association between time of day and shedding was found.
Within one day, populations of E. coli O157 shed by some cattle varied between
undetectable to 103 CFU/g of faeces. In addition, no common pattern in E. coli O157
excretion among individual cattle could be detected. This was supported by the
current statistical analysis in which no association between shedding one day prior
and current shedding was found, or between shedding in the morning versus the
afternoon. There was some evidence of an association between the most proximate
samples (P = 0.07 and 0.08), and perhaps the current sample size was slightly too
small to detect an association. However, there were clearly no associations beyond
these most immediate sampling points. The results of the current study show that the
excretion of E. coli O157 is highly variable and therefore difficult to predict. In
addition, no correlation was found between the numbers of cattle positive at a
sampling point and the number of cattle positive at any preceding sampling point,
which also reflects the unpredictability of shedding at herd level.
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Finally, while earlier studies found an association between the presence of a high
level shedder and a greater proportion of low shedding animals (Chapter 3) and
(Low et al., 2005; Chase-Topping et al., 2007), this association was not detected in
the current study. Within the current study there were numerous days with many low
shedding animals, despite the lack of a high concentration shedder. Studies
identifying this association between a high level shedder and a high proportion of
low shedding animals were not able to confirm that high level carriage was the cause
of the low level carriage. Since different results are found within the same pasture
based production system (current study vs. Chapter 3), it is not possible to make firm
predictions regarding the relationship between high and low shedding animals within
this system. The major risk factor in this case might be change, especially in studies
where the design did not take account of the intermittent nature of shedding.
In the current study 92.2% of the E. coli O157 isolates were positive for stx genes, of
which 67.5% carried stx1 and stx2, 6.1% carried stx1 only and 18.6% carried stx2
only. A percentage of more than 86% stx2 producing isolates is considerably greater
than a prior study in which it was found that the prevalence of Australian E. coli
O157 isolates harbouring stx2 is 4% (Mellor et al., 2013a). Stx genes varied within
one cow between different sampling visits, even between morning and afternoon
samples. This suggests that cattle host multiple E. coli O157 strains at one point in
time and again points to the variation that is undoubtedly due to the sampling
technique. This variation within one faecal pat is consistent with results of other
research, where investigators reported that more than one MLVA subtype was
detected in several faecal samples, suggesting the coexistence of different E. coli
O157 populations in an animal (Kondo et al., 2010).
The current study supports the extent of individual animal variability revealed in the
former study (Chapter 3) and previous research by others (Robinson et al., 2004;
Matthews et al., 2006a). The high variability of E. coli O157 shedding in cattle
makes it difficult to predict shedding. Given the extent of variation in shedding in
individual cattle, the interpretation of much existing research needs to be reassessed
in light of these findings. Thus, inferences about prevalence, duration of shedding,
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impact or lack of impact of potential risk factors, and impact of control measures on
shedding may be correct at the time of the cross-sectional study from which they
were identified, but may prove to be incorrect on the next day, week, or year. Future
study designs might need to place greater emphasis on this source of variability,
possibly demanding greater reliance on repeated measurement of shedding, or indeed
identifying a herd-level, or other holistic metric, to overcome the effect of the
variability of shedding on the ability to reach definitive outcomes.
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4.5 Tables
Table 4.1 Numbers of animals categorised by the level of
E. coli O157 shedding on each sampling day
Day*
Negative
Low level High level
Total
0
8
15
1
16
0.3
10
14
0
14
1
9
15
0
15
1.3
14
10
0
10
2
15
9
0
9
2.3
7
17
0
17
3
12
12
0
12
3.3
12
12
0
12
4
14
10
0
10
4.3
10
14
0
14
5
9
12
3
15
5.3
13
8
3
11
6
10
13
1
14
6.3
10
14
0
14
7
4
19
1
20
8
3
19
2
21
9
10
14
0
14
10
7
17
0
17
11
11
12
1
13
12
13
10
1
11
13
10
14
0
14
*whole numbers representing morning measurements and
decimal numbers representing afternoon measurements.

105

Table 4.2 Number of changes in shedding status over the 14 day study period,
summarised for all 24 cows
No. of changes in shedding status

0 1 2 3 4 5 6 7 8 9 10 11 12

No. of animals

1 0 0 0 1 2 4 2 5 4
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1

2

2

Table 4.3 Results of analysis showing the association between the shedding status (Y/N)
of each individual animal and shedding status in the three days prior (‘Day -1’ stands for
one day prior current sampling, ‘Day -2’ stands for two days prior current sampling)
Time

Odds Ratio

95% CI

Day -1

1.604

Day -2
Day -3

Estimate

Standard Error

P

0.969- 2.655 0.473

0.257

0.066

0.598

0.343-1.043

-0.514

0.283

0.070

1.144

0.645-2.029

0.134

0.293

0.646

Table 4.4 Results of analysis showing the association between the shedding status
(Y/N) of each individual animal and shedding status at previous morning or afternoon
sampling points (‘Hours -7’ stands for 7 hours prior current sampling, ‘Hours -24’
stands for 24 hours prior current sampling etc.)
Time

Odds Ratio

95% CI

Estimate

Standard Error

P

Hours -7

1.521

0.954-2.425

0.420

0.238

0.078

Hours -24

1.295

0.799-2.100

0.259

0.247

0.294

Hours -31

1.193

0.724-1.964

0.176

0.255

0.488
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Table 4.5 Number of cattle positive for E. coli
O157 at a sampling point and the number of
cattle positive at previous sampling days, using
Pearson correlation statistics
Number of days prior to sampling point
1

2

3

4

0.179

0.011

0.121

0.200

Table 4.6 Number of cattle positive for E. coli
O157 at a sampling point and the number of
cattle positive at previous sampling point (am vs.
pm samples), using Pearson correlation statistics
Hours prior to sampling point
7

24

31

48

0.182

0.146

0.111

0.035
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4.6 Figures
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Figure 4.1 Plot of the individual shedding patterns. Samples in which E. coli O157 was
detected only by IMS are represented as 50 CFU/g for graphical purposes (•). Sampling
points for which enumeration was possible (▪) and samples in which no E. coli O157 was
detected are represented as ( ). Stx genes are represented by the different colors: stx1 and
stx2 ( ), stx1 ( ), stx2 ( ), no stx genes ( ). Note that the y-axis is a logarithmic scale.
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Figure 4.2 Herd prevalence of E. coli O157 at am ( ) and pm ( ) sampling points during
the 14 day study
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5 Simulating sensitivity and cost effectiveness of
pooling faecal samples for E. coli O157 detection in
cattle
5.1 Introduction
Limitations in the understanding of the dynamics of E. coli O157 in cattle form a
barrier to improving the safety of beef products. Typically, the control of a pathogen
at the farm level incorporates a certain understanding of the risk factors for shedding
of the pathogen. When examining the impact of environmental factors on shedding it
is most convenient to use the herd as the level of interest, since the entire herd is
usually exposed to a common set of environmental factors. When testing a herd for
the presence of a pathogen, as part of risk factor studies, care is needed to select an
appropriate protocol to avoid misclassification. In order to determine herd status,
individual animals must be tested and the cost of laboratory assays and sample
collection often limits the ability to test large numbers of individuals within the herd,
thereby reducing the accuracy of the herd-level test.
The need to overcome the cost-accuracy barrier in assessing herds for the presence
of shedding of E. coli O157 was highlighted in recent work on the ecology of this
pathogen in grazing beef cattle in Australia (Chapter 3). In this work, frequent
sampling of all animals in a small herd in a medium rainfall location (600 mm p.a.)
over a nine month period demonstrated substantial variation in shedding status of
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individuals and the herd with time. This earlier study also provided evidence that
rainfall was a risk factor for the concurrent shedding of E. coli O157 by multiple
individuals in the herd. Data from a large number of similar herds over time is now
required to more thoroughly test the hypothesis that rainfall events play a role in
triggering the shedding of E. coli O157 in beef cattle grazing in similar, median
rainfall environments. To allow for inferences to the population of “median rainfall
beef herds” a sufficient number of herds must be studied over time and this requires
a methodology that is more affordable and practical than the approach based on once
or twice weekly testing of individual animals. Such an approach would not only
assist in studying the association between rainfall and shedding but also for many
other environmental factors. A general solution that has been used for a wide variety
of infectious agents and especially faecal-borne pathogens is to pool the test matrix
(in this case faecal samples) from multiple individuals allowing for more animals to
be sampled, a reduced number of assays to be performed or potentially both
(Whittington et al., 2000; Wells et al., 2003; Bosman et al., 2012; Geenen et al.,
2013).
Although pooling of samples prior to assay delivers a strong cost-advantage, there is
potential for the accuracy (sensitivity) of detection to be reduced. Various authors
have highlighted the tendency for pooling to deliver a biased result when pathogens
or antibody in specimens from “infected individuals” are diluted by specimens from
“non-infected individuals” (Kalis et al., 2000; Van Schaik et al., 2003; Arnold and
Cook, 2009). The objective of this study is to use data specific for E. coli O157 in
beef herds grazing in a medium rainfall environment to construct a model for
assessing both the cost and accuracy of a pooled sample approach for assessment of
herd E. coli O157 shedding status. Finally, the cost-efficiency for a range of pools
and samples per pool are estimated in an attempt to understand the utility of pooling
for studying herd-level shedding over time.
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5.2 Methods
5.2.1 Field data
The simulation model used in this work relied heavily on E. coli O157 faecal
concentration data acquired in two field studies at Charles Sturt University located in
New South Wales, Australia (latitude 35° S, longitude 147° E), with a highly
variable rainfall distribution over the year (Chapter 3) and high evaporation rates in
summer months. Both studies focused on adult pasture fed beef cattle. The first study
involved the sampling of 23 beef cows twice a week for a nine month period (58
sampling points), while the second study sampled 24 cattle twice a day or daily for
14 days (21 sampling points). Fresh faecal samples were collected via rectal
palpation or during defecation using a new disposable sleeve glove for each cow. A
minimum of 10 g of faeces were collected while the cows were restrained in a crush
in the cattle yards. Each faecal sample was individually placed into a sterile WhirlPak bag (Nasco, Australia), stored on ice and transported within two hours of the
first sample being taken. All faecal samples were cultured for the isolation of E. coli
O157 and enumerated. Isolates were screened by PCR for presence of rfbE, encoding
the E. coli O157 serogroup, and for the virulence genes stx1 and stx2. Full details of
the sampling and culturing methods are reported in Chapter 3 and 4.

5.2.2 Dose response data
To account for the effect of sample dilution on sensitivity of pooled tests a dose
response curve was used to model this phenomenon (below). Data to inform the
derivation of the dose response curve were obtained as follows: Faecal material was
collected from individual manure pats freshly voided by grass fed beef cattle of
Charles Sturt University. To avoid contamination from the ground, faeces were
gathered only from the centre of the pat. Each faecal sample originated from a
different cow. The samples were stored at 4 °C and screened the next day for
absence of E. coli O157 by culture followed by direct plating and IMS (see Chapter
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3 for exact methods of IMS). Only faecal samples negative for E. coli O157 were
used to examine the detection limit of IMS.
To examine the detection limit of IMS, one isolate of bovine origin E. coli O157:H7
expressing stx1 was inoculated into five faecal samples negative for E. coli O157.
Ten grams of faeces per faecal sample was homogenized in 90 ml of BPW,
inoculated at six levels (0.2, 0.4, 0.6, 0.8, 1 and 1.5 CFU/g) in triplicate and
incubated at 37 °C for six hours. IMS assays were performed on these samples and
controls as described in Chapter 3.

5.2.3 Dose-response curve for detecting E. coli O157 in cattle faeces
A dose-response curve was obtained by fitting empirical data from the “spiking
experiment” described above to a logistic function (Figure 5.1). The logistic function
is an S-shaped curve for which the parameters are estimated when the data are
analysed in a logistic regression model, which can be expressed as follows:
y=

𝑒 (𝑏0+𝑏1 log 10 x)
1+𝑒 (𝑏0+𝑏1 log10 x)

Equation 5.1

In Equation 5.1, y is the probability of detecting the pathogen, b0 and b1 are the
intercept and concentration coefficients, respectively, which were defined using a
logistic regression model and log10 x is the spiked concentration of pathogen
transformed to the log10 scale. The estimated coefficients are used in the logistic
regression function within the simulation model to describe the dose-response
relationship for detecting E. coli O157 in cattle herds.

5.2.4 The simulation model
The approach of this simulation model was based on resampling the data to generate
“pools” with a known concentration of E. coli O157 and assessing whether each pool
was positive by the standard test after accounting for the effect of dilution using the
dose-response curve. From the data obtained in the field studies only those sampling
events for which at least one animal was positive for E. coli O157 were included as
input data for the simulation model. Each sampling event consisted of data from all
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available animals (23 or 24 cattle). For the simulation, each sampling event was
treated as an independent herd. Within an infected herd the probability that a
randomly chosen animal was shedding E. coli O157 was estimated from the true
prevalence of shedding within the herd. It was assumed that the samples from
individuals not shedding E. coli O157 were not contaminated and that pools not
containing the pathogen were not misclassified as positive. The latter is a reasonable
assumption given the extent of confirmatory testing that is available for E. coli
O157. The model was produced in the R programming language using an integrated
development tool (RStudio Team, 2012). The complete code for the simulation
model is presented in Appendix 4.
The simulation started with the construction of a combination of np “number of
pools” (ranging from 2 to 12) and nspp “number of samples per pool” (ranging from
1 to 12) by combining and mixing 10 grams of faeces per sample (Figure 5.2). This
was followed by the random selection of one herd. Then the data describing the
faecal concentration of E. coli O157 (CFU/g) from a number of cows equal to np x
nspp were selected at random with replacement from this herd. The correct number
of pools for the protocol was constructed and then the mean concentration was
calculated for each pool. The latter was used as input to the dose response function
that yields a probability (p) that the given concentration results in a positive test for
E. coli O157. Finally, to obtain the simulated test result for a pool a Bernoulli trial
was performed by comparing U, a standard uniform random variate (on the scale 0 to
1) with p. When U was less than p, the test result was positive otherwise negative.
This was repeated for all pools and if any of the pools from the herd were test
positive, then the herd was classified as positive. Each simulation consisted of
10,000 iterations of this process for a given pooled test protocol (i.e. a specific
combination of fixed values of np and nspp). In so doing the probability of detecting
E. coli O157 for each protocol was defined as the number of positive simulations
divided by the total number of simulations.

117

5.2.5 Financial model for estimating herd test costs
A model was created to estimate the financial cost of herd testing for E. coli O157
for any pooled testing protocol (combination of np and nspp) evaluated above. Input
assumptions (expressed in Australian dollars) are shown in Table 5.1. The costs of
consumable items and processing the samples in the laboratory were estimated per
pool and per sample. Labour costs for lab and field technicians ($35 per hour) were
based on 2014 salary standards of Charles Sturt University, Australia (Charles Sturt
University, 2014). Cost of disposable materials and the estimated time for field and
lab work was based on purchasing records and experience obtained during the nine
month study described in Chapter 3. It was estimated that 20 individual faecal
samples could be collected per hour and that 20 individual samples and six pooled
samples could be processed per hour. The cost for visiting each herd (e.g.
transportation cost) was identical for all protocols regardless of the decision of which
protocol to use and were therefore excluded from the model, in line with the
approach of partial budgeting (Martin, 1987). The financial model is represented in
Equation 5.2 as follows:
𝑛𝑝
𝑛𝑠𝑝𝑝
Cost herd test = ∑𝑖=1(𝑐𝑝𝑝 + ∑𝑗=1 (𝑐𝑝𝑠 + 𝑐𝑖𝑠𝑐))

Equation 5.2

In Equation 5.2, np is the number of pools per herd test, cpp is the cost per pool,
nspp is the number of samples per pool, cps is the cost per sample and cisc is the cost
of individual sample collection (Table 5.1).

5.3 Results
The dose response data showed that the limit of detecting E. coli O157 in bovine
faeces ranged between 0.2 and 1 CFU/g of faeces (Figure 5.1). Analysis of the data
describing the concentration of E. coli O157 in cattle faeces by logistic regression
provided the intercept and concentration coefficients for the log10 transformed CFU/g
of 3.1347 and 3.3852 respectively. These coefficients were used to describe the
dose-response relationship within the simulation model.
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The sensitivity of detection of herds shedding E. coli O157 using pooled faecal
culture relative to individual sample testing increased in a non-linear fashion with
increasing number of pools and number of samples per pool (Figure 5.3). With a
smaller number of pools per herd (np) a larger improvement in sensitivity of
detection was seen for each increment in the number of samples per pool (nspp) than
occurred at a larger number of pools (i.e. the contours are more oblique to the x-axis
at a smaller number of pools). Effectively this demonstrates that for small values of
nspp the benefit of increasing the number of pools is greatest. The sensitivity of
detecting herds shedding E. coli O157 ranged from 0.647 using two pools and two
samples, to 0.998 using 12 pools and 12 samples. Around an arbitrary detection
target of 95%, numerous combinations of np and nspp were found that might be
suitable, for example four pools and nine samples (0.954), six pools and six samples
(0.954) or eight pools and five samples (0.963) (Figure 5.3). As the np and nspp
increased, the sensitivity of detection increased (as expected). The simulated perherd cost for classifying the E. coli O157 shedding status of a herd for various
pooled test protocols is shown in Figure 5.4. If a target sensitivity of detection of
95% or greater was applied the total herd test costs ranged from 211 AUD (four
pools and nine samples) to 779 AUD (12 pools and 12 samples). The substantial
increase in cost as np and nspp increases is largely explained by the steep increase in
the cost per pool as the number of pools increases whereas the expense of individual
samples rises at a much slower rate.

5.4 Discussion
The present model provides a unique opportunity to evaluate the optimum pooling
protocol from several possible combinations of np and nspp to detect E. coli O157 in
herds. The advantage of this model is the possibility to screen a wide range of pools
and pool sizes to select those that should be evaluated further in empirically based
studies if needed. In this way it is possible to achieve a substantial reduction in cost
at the cost of a minor loss in sensitivity when gathering new empirical data for
studying herd-level factors contributing to shedding. This is particularly critical
when performing observational studies examining the impact of environmental
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factors on shedding at the herd-level. Herd testing based on individual samples is
cost prohibitive even if only a modest number of herds are to be studied.
There are two critical sources of data required to use this model. The first is that
describing the concentration of E. coli O157 in cattle herds. In this study these values
were based on one longitudinal and one intensive study involving 79 assays. The
accuracy of individual assay results was expected to be high because of reliance on
an IMS-based method of detection shown to provide highly sensitive results
(Chapman et al., 1994; Fegan et al., 2004). However, like most models, the outputs
can be improved by expanding the source of input data. In this case expanding
beyond two small herds, despite the quality of data (frequency and duration of
sampling), would benefit extrapolation of the predictions of accuracy of pooled test
protocols for E. coli O157 to a broader range of Australian beef herds. For this
reason design of the model allows for other similar datasets to be included in the
simulation. The second key requirement to run this simulation model is access to
data describing the dose response relationship that models dilution of pathogen in
pools. This analysis was performed purposefully for the current study, since to my
knowledge all prior studies of dose-response for IMS-based detection of E. coli
O157 have been based on a single threshold concentration (step function). Data
based on a dose response curve will give a substantially more accurate probability of
detection compared to using a single threshold value. The present model is
configured in a way that any assay other than IMS can be used provided that the dose
response relationship is quantified. By entering the revised parameters into the
current model, the optimum pooling protocol for detection of E. coli O157 can be
extrapolated to a broad range of herd-testing scenarios.
A few empirical studies investigating the effectiveness of pooling bovine faecal
samples for detection of E. coli O157 have been performed, with differing results
(Sanderson et al., 2005; Arnold et al., 2008). The limitation of these studies is the
small array of pools and pool sizes assessed. This highlights the benefits of a modelbased approach to first screen for the optimal protocol. Sanderson and colleagues
compared the sensitivity of detection of individual samples with a 1:4 pool and a 2:3
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pool (positive:negative samples). The sensitivity of their pooling protocol was
similar to that of individual samples at high shedding levels but dropped
significantly when shedding was below 5000 CFU/g of faeces. No difference was
found between the sensitivity of the two pools. A major constraint of the empirical
study of Sanderson et al. (2005) was that all results were based on data from
inoculated calves. It was acknowledged that the relationship between shedding in
inoculated calves and naturally colonized calves has not been established and
therefore the usefulness of their pooling protocol in the field will be based on the
distribution of shedding levels in naturally colonized cattle.
Arnold and colleagues (2008) investigated whether pooled sampling offered
reductions in the number of samples required to detect E. coli O157 on cattle farms
in order to minimise cost and time to facilitate outbreak investigations. They
suggested that an effective outbreak investigation should be based on sample-size
estimates with a 95% probability of detecting infection if it were present. They found
that pooling required at least as many samples as the testing of individual samples,
and therefore concluded that pooling during outbreak investigations is not more
efficient than testing individual samples. This contradicts the results found in the
current study, where a wide range of combinations of np and nspp was estimated to
be suitable for detecting E. coli O157 with at least 95% sensitivity in cattle herds.
While the previously discussed studies on pooling report that the reduced probability
of detecting E. coli O157 for pooled samples is caused by the dilution effect (when
true-positive samples are diluted with true-negative samples), the dose-response
study included in the current study showed that the sensitivity of detecting E. coli
O157 was very high and therefore it was assumed that dilution did not play a major
role. It is likely that the difference in faecal sample size between the studies has
contributed to the difference in sensitivity of detection. The enrichment of 10 g of
faeces (as used in the current study) increases the chance of detection of E. coli O157
as opposed to 1 g of faeces (as used in prior discussed studies on pooling) (Fegan et
al., 2004).
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In conclusion, the present study predicts that pooled-test protocols can be useful for
detecting cattle herds shedding E. coli O157 and can considerably decrease the herd
testing costs. A wide variety of combinations of np and nspp is suitable for detecting
E. coli O157 with a probability of detection of 95% or greater. Given the wide range
of possible protocols the financial model becomes a very important determinant of
choice. To get close to the accuracy of individual animal testing, all combinations
starting from eight pools and 12 samples can be used, providing a probability of
detection of 0.995 (520 AUD per herd test). However, economically this might not
be achievable when many herds are to be studied and there is a logistical difficulty in
collecting the 96 samples that would be required. Researchers examining the impact
of possible risk factors on shedding at the herd level must evaluate the loss of
accuracy relative to the reduced cost provided by pooled testing. Box 1 illustrates an
example of a decision making tool useful for these researchers planning to perform
E. coli O157 research at the herd level.
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5.5 Tables
Table 5.1 Assumptions and abbreviations used in both the simulation of accuracy of pooled test protocol and in the
calculation of the costs of herd testing for E. coli O157 using this approach
Abbreviation
np
nspp
cpp
cps
cisc
p
U

Item
Number of pools per herd test
Number of samples per pool
Cost per pool
Cost per sample
Cost of individual sample collection
Probability that the given
concentration results in a positive test
A standard uniform random variate
(on the scale 0 to 1)

Amount
Remarks
Varies (range 2-12)
Varies (range 1-12)
17.00 AUD Cost incl. consumables and labour
2.50 AUD Cost incl. consumables and labour
1.75 AUD

5.6 Figures

Figure 5.1 Dose response curve of E. coli O157 using IMS. The dots demonstrate the
observed proportion of detections of E. coli O157 vs the log10 concentration in faeces
overlayed with the fitted logistic curve representing the probability of detecting E. coli
O157 in cattle faeces.
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Initiate simulation of a combination of pools (np) and samples per pool (nspp) and number of iterations
per simulation (i)

Randomly select one herd

Randomly select number of cows with replacement (np × nspp) from the selected herd

Construct np pools from individual samples and retrieve the mean E. coli O157 count for each pool

Input the mean count of each pool to the dose response curve to derive p, the probability of a positive
test for this concentration

Perform a single Bernoulli trial using p to assign a positive or negative test for each pool

Herd result is positive if one or more pools is positive, otherwise negative

No

Desired simulation length reached?
Yes
End simulation
Result: probability of detecting E. coli O157 (=

𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠
𝑡𝑜𝑡𝑎𝑙 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠

)

Figure 5.2 Diagram of steps within the simulation model, based on resampling from the
data to generate “pools” with a known concentration of E. coli O157 and assessing whether
each pool is positive by the standard test.
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Figure 5.3 Simulated proportion of pooled faecal samples positive for E. coli O157 for
various combinations of number of samples per pool (x-axis) and number of pools per herd
based on data from known positive sampling events.
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Figure 5.4 Cost comparison in Australian dollars for various combinations of number of
samples per pool (nspp) (individual symbols) and number of pools (np) per herd versus the
simulated proportion of pooled faecal samples positive for E. coli O157. The comparison is
on the basis of data from known positive sampling events. For a few points the np and nspp
are given.
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Box 5.1 Using Figures 3 and 4 as a decision making tool
Figures 3 and 4 are a helpful decision making tool for any researcher planning to
perform a risk factor study on E. coli O157 in cattle. Take as an example a
researcher who is interested in assessing the risk factors for E. coli O157 shedding
in a population of herds with a typical herd size of about 100 cows, on a budget of
300 AUD for each herd. A protocol of six pools with eight samples in each pool gives
the highest sensitivity of detection (0.972) within this budget (293 AUD per herd).
However, a protocol of four pools and nine samples gives a sensitivity of detection
of 0.953 for 211 AUD per herd. The investigator has to consider whether the slight
increase in sensitivity is worth spending 82 AUD per herd extra.
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6 General discussion
6.1 Overview of the approach
The program of research described in this thesis evaluated the usefulness of existing
research findings on E. coli O157 in cattle particularly in relation to the factors
responsible for animals shedding the organism in faeces. In the literature review
(Chapter 1), a number of issues to do with the quality of research in this area were
highlighted and some important shortfalls noted, particularly around measurement
error of shedding status, study design, statistical analysis and the resulting
inferences. The work also provides some directions on new approaches for
identifying the shedding status of herds, which appears to be needed if there is to be
progress in understanding the biological basis of shedding of E. coli O157 by cattle.
In Chapter 2 the amount of qualitative agreement amongst experts was used as an
indicator for the utility of the findings presented in the literature. The rationale for
evaluating consistency in the opinions on the usefulness of research findings was to
attempt to explain why no particular control method appears to have been widely
embraced in commercial beef production. Overall, this lack of available
interventions with proven effectiveness has limited progress concerning the control
of E. coli O157 in live animals. The need to consider some of the basic weaknesses
in research becomes apparent in this circumstance.
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In response, in Chapter 3 of this thesis a more novel approach to design and analyses
of E. coli O157 in beef cattle within an observational field study was employed.
Specifically, the value of a single measurement of an animal or a herd at a single
point in time as a measure of its E. coli O157 shedding status was intensively
investigated. The results (summarised below) provide new insight into how existing
research should be interpreted and how new research can be performed in the future.
In Chapter 4 the approach of the previous chapter was extended to examine the
behaviour of shedding of E. coli O157 at very short time-intervals (daily and bidaily) of assessment. It was anticipated that if shedding of E. coli O157 were to be
shown to be a highly volatile and dynamic phenomenon then, the value of a single
measurement would be limited.
In Chapter 5 the need to make more frequent temporal assessment was explored as a
result of the findings from previous chapters. An attempt was made to provide a
practical solution to the cost burden that this represents for future research. Frequent
sampling could be employed on a far greater scale if studies can rely on pooling of
faecal samples for assessing shedding in a herd. The value of pooling was thus
scrutinised in detail using a simulation model approach.

6.2 Results in relation to stated aims
The overall aims of the research components of the thesis can be summarised as:
1. To evaluate the usefulness of factors reported within the literature to be
associated with E. coli O157 shedding by cattle, using the agreement
amongst experts as an indicator of utility (Chapter 2).
2. To describe in detail the temporal dynamics of E. coli O157 shedding by
individual cattle over a prolonged period of time (Chapter 3).
3. To identify animal, management and climate variables associated with the
shedding of E. coli O157 (Chapter 3).
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4. To identify whether shedding is predictable from a single measurement by
intensively sampling individual cattle using daily sampling intervals (Chapter
4).
5. To assess the cost and accuracy of pooled-sample protocols for evaluating
herd E. coli O157 status, with the intention to examine a sufficient number of
herds using an affordable approach (Chapter 5).

6.2.1 Aim one
In meeting the first aim of this thesis it was identified that only limited agreement
exists between experts in E. coli O157, especially regarding the effectiveness of
control measures and the nature of “super shedding”. The lack of agreement amongst
scientists raises questions about the effectiveness of the collective research effort on
this issue and goes some way in explaining why economic and health effects are still
a great concern. Because knowledge obtained through expert opinion (as in Chapter
2) is not certain, but is acquired with an implicit level of subjectiveness, or degree of
belief (Goossens et al., 2008), studies like those presented in Chapter 2 are usually
ranked low on the scale of goodness of evidence. However, in this case the
application of an expert-based survey was appropriate given the nature of the
problem identified. The finding of lack of agreement amongst experts is reinforced
by the evidence of limited progress with control of E. coli O157. For example, in the
United States, while the median annual number of human E. coli O157 outbreaks
appears to have declined in recent years, the median annual number of E coli O157
foodborne disease outbreaks did not change (Heiman et al., 2015). Furthermore, no
detectable decrease in human infections with this pathogen has been identified in
Scotland (Pearce et al., 2009). In addition, large recalls of beef products still occur in
several countries. Therefore, reverting to one of the sources (the scientists), from
where most technical information emanates, is appropriate for exploring reasons for
the limited amount of improvement in the effectiveness of control measures.
To my knowledge Chapter 2 represents one of the first expert opinion studies
performed on this area and the first with a truly international perspective. A benefit
of the findings from the expert opinion study is the guidance it provides for planning
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future research. The role of consensus is complex and not an issue for this thesis
other than to say it would be difficult for control measures to be broadly adopted if
the evidence was weak or there was limited agreement about the quality of evidence.
Although results may be biased by factors such as the framing of questions,
interpretation of the questions by the participants, interpretation of results by the
researcher, and weak inclusion of experts from non-English speaking countries
(attempts were made to reduce the effect of all these issues), the findings do give a
unique overview of the viewpoints of many E. coli O157 experts and can be used to
assess the usefulness of past work. The response rate of 54% obtained in the survey
in Chapter 2 is reasonable, given that the average response rate of internet-based
surveys is 34% (Shih and Xitao, 2008). Overall, the weak agreement of international
experts, infers that past research has questionable value as the basis of “knowledge”.
Therefore, in the future changes in study design and analytical methods must be
considered. These should address the past shortfalls (Chapter 2) and strive to rely on
approaches more likely to be accepted by scientists from different disciplines.

6.2.2 Aims two and three
In Chapter 3 a longitudinal observational study was performed with a distinctive
approach in design and analyses compared to prior research. This was to address the
second and third aims of the thesis noted above. There were two key findings.
Firstly, synchronisation of shedding amongst cattle was observed, accompanied by a
marked elevation in the concentration of the pathogen in faeces of individual animals
during times of increased probability of shedding. Second, the shedding pattern was
unique and events were related to rainfall in this particular study environment where
there is large variation in a year with respect to moisture levels. Finally, the level of
shedding in this extensively-grazed system was generally lower than other systems
and could be a characteristic of the extensive beef production system with similar
levels of rainfall. The findings highlight a key point: the potential variation caused
by research settings and its impact on the interpretation of past research, a point
explored below.
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The analysis in Chapter 3 was predominantly performed on the herd level, because
management and environmental variables unavoidably have an effect on the entire
herd and not on individual animals. To analyse the data effectively at a herd level,
herd shedding events were identified and all sampling points were classified as
occurring within six discrete events comprised of three shedding events (whereby the
probability of shedding was >20%) alternating with three non-shedding events.
Generalised linear mixed models were then used to assess whether variation in
animal, environmental and management variables at each sampling point could be
associated with a “herd shedding event”. Analysing the data by herd shedding events
captured the individual intermittent shedding patterns and high variability in herd
prevalence, which is a critical omission in the cross-sectional studies and studies that
have focussed on the individual animal. Furthermore, previous studies have mainly
used a textbook approach to analysis based on stepwise multiple regressions, despite
the well known shortcomings of this technique (Johnson et al., 2004; Stephens et al.,
2005). In general, authors do not acknowledge the limitations of this method and
report associations that are quite possibly false. The present work is an example of a
novel approach that attempts to minimise these problems.
Of particular interest within the study presented in Chapter 3 is the observation that
when the data were analysed five months into the study period, for presentation of
preliminary results, different risk factors were found to be associated with the
shedding of E. coli O157 compared to the variables that were found at the end of the
study. This highlights the difficulty in interpreting risk factors associated with
shedding and the dynamic attributes influencing shedding patterns and again calls
into question the results of studies conducted in a cross-sectional format without
clear allowance for the chaotic nature of shedding. It also indicates that a study
period of nine months is not sufficient for exploring the role of some risk factors for
the shedding of E. coli O157 in cattle. While nine months of sampling at the
intensity employed within this study is an improvement on all previous studies, there
is a need for this type of study to be employed in multiple locations over multiple
years to capture the impact of environmental and climatic effects. This leads to one
major limitation of the work in Chapter 3 – this work reports the results of a single
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herd. For this reason the conclusions in Chapter 3 are constrained so as not to imply
a high standard of external validity. The high sampling intensity applied within the
present study precluded the examination of multiple herds due to obvious economic
and labour restrictions. Nevertheless, the findings do have value particularly putting
into perspective the accuracy of published studies based on limited numbers of
sampling events per herd or per animal.
This work in grazing beef cattle (Chapter 3 and 4) and previous research in other
production systems (Robinson et al., 2004; Munns et al., 2014; Williams et al.,
2015a) shows that the shedding of E. coli O157 by cattle is highly variable in both
duration and concentration. These studies have also revealed that changes in
excretion of the pathogen could occur within less than a few hours (Robinson et al.,
2004; Munns et al., 2014). Conversely these studies may simply show the limitations
in the current sampling techniques. Obtaining 10 grams of faeces at a single point in
time is not representative of actual shedding dynamics and thus the sampling
techniques limit the ability to describe shedding. Measurement bias is a common
issue in observational studies, resulting in misclassification with respect to disease
status and can also distort the measures of association. The extent of this distortion
varies, but may result in a reduction of the estimated association to insignificant
(Noordhuizen et al., 2001).
Cattle shedding continuously were very rare in this study, as were animals that did
not shed the pathogen at all. These two patterns were only observed in studies that
sampled for a duration of less than 15 days (Robinson et al., 2004; Williams et al.,
2015a). Overall, intermittent shedding was the most commonly observed pattern,
both in this study and in previous research. In longitudinal studies that have sampled
individual animals on a weekly basis, no animals were detected that did not shed the
pathogen at least once (Chapter 3 and Williams et al. (2015a)). Therefore, it is likely
that within all animals the same heterogeneous shedding pattern will be found if they
are subject to a combination of intensive and longitudinal sampling.
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6.2.3 Aim four
In the study presented in Chapter 4, shedding at both the individual and herd level
was found to be unpredictable. No obvious patterns within days were identified,
which is in agreement with previous studies (Robinson et al., 2004; Williams et al.,
2015a). The highly variable nature of the excretion of E. coli O157 in cattle makes it
difficult to predict. Furthermore, the unpredictability of shedding at the herd level
was reflected by the lack of association between the number of cattle detected
positive one day and the number of cattle shedding the previous day. The sporadic
intake of E. coli O157 strains from environmental sources is reported as a reason for
the intermittent shedding patterns (Shere et al., 1998; Gautam et al., 2015). Results
from the current study support this hypothesis in that the occurrence of rainfall was
found to be a predictor of shedding (P<0.01). It is possible that rainfall creates
conditions suitable for survival of E. coli O157 in faecal pats and on pasture.
Longitudinal studies focussing on environmental changes combined with genotyping
of strains could be helpful to elucidate the intermittent nature of shedding.

6.2.4 Aim five
The simulation model reported in Chapter 5 was used to explore whether pooling of
samples would be a useful and efficient method for detecting cattle herds shedding
E. coli O157. A simulation model was chosen above the use of an entirely empirical
based study, to allow evaluation of a wide range of pools and pool sizes, and
subsequently select those that should be evaluated further in empirically based
studies. The approach predicted that pooled-test protocols can be useful for detecting
cattle herds shedding E. coli O157 and can considerably decrease the herd testing
costs with limited loss in sensitivity. Although the prediction of the current
simulation uses data from only two herds, the model was designed so that it allows
for similar data to be included and analysed in future, thereby increasing the
applicability of results. The results of the pooling study do indicate potential for
affordable large-scale research, and show opportunities to expand the presented field

135

studies to explore the role of rainfall by making practical the repeated measurement
over time on a larger number of herds at varied locations.

6.3 Geographic and production system context of research
In this thesis, the data on shedding of E. coli O157 by cattle was obtained at Wagga
Wagga NSW where the rainfall pattern is winter-dominant combined with high
evaporation rates in summer. Moreover, the animals are permanently at pasture with
a stocking rate of about one breeding cow per hectare (far less than dairy and feedlot
production systems). This combination of climate and animal dispersion does not
appear to be present in many other studies. Despite the weakness of external validity
in Chapter 3 the results do invite hypotheses about the causes of variation in
shedding and the role of climate. In those areas where rainfall is higher or more
evenly distributed over the year and temperature less variable it is conceivable that
this explains why the prevalence of E. coli O157 varies less (for example as seen in
the study by Williams and colleagues from coastal dairy region of NSW (Williams et
al., 2015c)).
It is appropriate to make a general point about climate, animal management and the
relationship to all research on E. coli O157 shedding in cattle. Overall, the literature
appears confounded by the large amount of variation amongst studies with respect to
the above climate and animal density factors. Moreover, when studies are reported
the conclusions are often made in a universal context with few allowances being
made for the specific environment or climate the work was performed in. The work
in this thesis when compared to recent studies relying on sound measurement and
sampling (Cobbold et al., 2007; Arthur et al., 2009; Williams et al., 2015a), suggests
that substantial variation exists between cattle production systems in different
locations.

6.4 Denial of the super-shedding phenomenon
The concept of “super-shedding” has featured prominently in this thesis. In Chapter
2, when an international group of researchers were asked about the phenomenon
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many questioned its relevance. In Chapter 4, the findings further challenge the
usefulness of the concept because no cattle were observed to persistently shed at
high “super shedding” levels (>103 or >104 CFU/g of faeces), either continuously, or
on multiple occasions separated by periods of low shedding. The literature (Chapter
1) has earlier identified the dynamics and ecology of shedding and “super shedding”
as areas of research based on assumptions that had never been tested. The evidence
now provided by Chapter 4 supports the assertion of Williams et al. (2015a) who
found that shedding of high levels is a transient phenomenon. This work, in a
separate and distinct population, also shows that it is not a stable and repeatable
characteristic of an individual animal either in the short term (Chapter 4) or long
term (Chapter 3). For this reason the concept of “super-shedding” animals appears to
have little justification for continued use.

6.5 Overall thesis conclusions
In conclusion, the past two decades of research have not resulted in substantial
progress in minimising the impact of E. coli O157 on the global beef industry or
public health. The usefulness of techniques employed in past research dealing with
risk factors for shedding of E. coli O157 in cattle faeces is questionable. The limited
agreement amongst global E. coli O157 experts on many technical aspects of E. coli
O157 epidemiology casts doubt on the value of much historical research as a basis
for future action. Within the present work an obvious pattern in shedding over time
was identified, particularly linked to rainfall. Distinctive peaks in shedding indicated
discrete shedding events where many animals were concurrently shedding. Shedding
of the pathogen at both the individual and herd level was found to be unpredictable
and chaotic. The current study provides a method to present data in a way that is
distinctively different from previous studies, enabling comprehensive evaluation of
climate and management events on shedding. If able to be expanded to the broader
cattle population, this approach promises new insight into the dynamics of shedding
perhaps resulting in the advances in control that are so desperately needed.
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7 Appendices
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Appendix 1: Survey
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Expert opinion
About this survey
Thank you for your interest in this research.
See below for the ethics information statement or press the Next button at the bottom of this page to start.

Ethics information statement
Project title: Expert opinion regarding Escherichia coli O157 in cattle: super shedding and risk factors.
Principal investigators: Ms Geraldine Lammers, Dr Jane Heller, Dr David Jordan and Dr Michael Ward.
Aim: Obtain expert opinion regarding the occurrence of E. coli O157 in cattle, focussing on super shedding and risk
factors.
What you need to do to participate: Click on the Next button at the bottom of this page. This will take you to the
questions. Once you start the questionnaire you will not be able to close the questionnaire and resume it at later
time.
What happens afterwards: The data collected will be analysed and a paper will be published. All data collected in
this project is fully anonymous and no participants can be identified in any publications that arise from this work.
Your rights: You may withdraw from the project by not submitting a questionnaire if you perceive it violates your
privacy and confidentiality. By submitting the questionnaire you are indicating your agreement to participate in the
project.
NOTE: This project has been approved by the School of Animal and Veterinary Sciences Ethics Committee at
Charles Sturt University, NSW, Australia. If you have any complaints or reservations about the ethical conduct of this
project, you may contact the Committee through the Executive Officer:
l

Dr Raf Freire, Chair, School of Animal and Veterinary Sciences Human Ethics Committee
Locked Bag 588, Wagga Wagga 2678 NSW
Telephone: +61 (2) 6933 4451
Email: rfreire@csu.edu.au

For any other questions, please send an email to glammers@csu.edu.au.

With many thanks,
Geraldine Lammers
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Expert opinion
Demographics

*Q1. In which geographical region have you performed most of your research on E.
coli O157?
j Africa
k
l
m
n
j Asia
k
l
m
n
j Australia
k
l
m
n
j New Zealand
k
l
m
n
j NorthAmerica
k
l
m
n
j SouthAmerica
k
l
m
n
j United Kingdom or Ireland
k
l
m
n
j Europe (excluding UK and Ireland)
k
l
m
n

*Q2. Please rate your areas of expertise. A rating scale of 1

10 is used where 1 represents the equivalent knowledge to a
member of the general public and 10 represents the
knowledge of a specialist at the top of the particular field.
1
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Food safety
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Zoonotic disease
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Cattle production
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Public health
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k
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n
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Research in E.
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Analytical

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n
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Food
microbiology
Veterinary
microbiology

coli O157
Environmental
microbiology

epidemiology
Descriptive
epidemiology
Animal pathology
Other (please specify)
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Expert opinion

*Q3. Please select the cattle production system(s) you have

most experience with (you can select more than 1):
c Dairy: intensive
d
e
f
g
c Dairy: grazing
d
e
f
g
c Dairy: combined intensive and grazing
d
e
f
g
c Dairy: tropical / subtropical
d
e
f
g
c Dairy: temperate
d
e
f
g
c Beef: feedlot
d
e
f
g
c Beef: grazing
d
e
f
g
c Beef: combined feedlot and grazing
d
e
f
g
c Beef: tropical / subtropical
d
e
f
g
c Beef: temperate
d
e
f
g
c Other (please specify)
d
e
f
g
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Expert opinion
Defining super shedding

*Q4. Here are five ways of thinking about super shedding of

E. coli O157. Which of these do you agree with the most?
Super shedding is . . .
j when an animal sheds a high concentration on a single sampling event
k
l
m
n
j when an animal sheds a high concentration on multiple sampling events
k
l
m
n

j when an animal sheds a high concentration for a continuous and uninterrupted period
k
l
m
n
j when an animal sheds at any concentration for a continuous and uninterrupted period
k
l
m
n
j not a useful concept
k
l
m
n
j Other (please specify)
k
l
m
n
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Expert opinion

*Q5. In the previous question we used the term "high"

concentration. Which of the following concentrations would
you substitute for the word "high", to indicate E. coli O157
super shedding?
j Feacal shedding at any concentration
k
l
m
n
j >100 CFU/g of faeces
k
l
m
n
j >1000 CFU/g of faeces
k
l
m
n
j >10000 CFU/g of faeces
k
l
m
n
j >100000 CFU/g of faeces
k
l
m
n
j >1000000 CFU/g of faeces
k
l
m
n
j Other (please specify)
k
l
m
n
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Expert opinion
Risk factors on farm
Over the last two decades more than 500 papers have been published concerning Escherichia coli O157 in cattle,
with many making inferences about risk factors. This section asks your interpretation of the importance, or lack
thereof, of these inferences.

*Q6. Please indicate the magnitude of effect that each of the

following factors has on the presence or absence of E. coli
O157 in the faeces of cattle.
Don't
know

None MinimalModerate Marked

Age of the animal
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Contact between adult cattle and calves
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Introduction of new animals

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Type of manure management system
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Event of calving

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Herd size
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n

Presence of finishing cattle
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Type of production system: feedlot
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Type of production system: dairy
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Type of production system: pasture based
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Composition of the diet
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Water troughs contaminated with faeces
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Presence of pigs on farm
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k
l
m
n

j
k
l
m
n

j
k
l
m
n

Presence of sheep on farm

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Presence of dogs on farm

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Presence of wild birds and vermin

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Hygiene and cleanliness on farm

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Time of year: spring

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Time of year: summer

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Time of year: autumn / fall

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Time of year: winter

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Environmental temperature

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Recent rainfall

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Geographical region

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

The use of antibiotics

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

pregnancy
Physiological changes within the animal during stressful
events

Other (please specify and indicate the magnitude of effect)

146

Expert opinion
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Expert opinion
Risk factors during transport and at lairage

*Q7. Please indicate the magnitude of effect that each of the

following factors has on the presence or absence of E. coli
O157 in the faeces of cattle at time of slaughter.
Don't
know

None MinimalModerate Marked

Cleanliness of trailers used for transport

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Cleanliness of lairage pens

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Cleanliness of water troughs

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Transportation distance

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Transportation time

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Time off feed prior to slaughter

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Stress levels of cattle during transport

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Other (please specify)
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Expert opinion
Intervention methods

*Q8. Please indicate the magnitude of effect that each of the

following intervention methods has on the presence or
absence of E. coli O157 in the faeces of cattle.
Don't
know

None MinimalModerate Marked

Vaccination with any of the available vaccines

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Addition of sodium chlorate in feed or water

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Use of antibiotics

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Addition of probiotics in feed

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Genetic variation between animals or breeds

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Abrupt change in diet

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Fasting prior to slaughter

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Other (please specify)
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Expert opinion
Statements (previous research, future research and super shedding)

*Q9. To what extent do you agree with the following

statements?

Strongly
disagree

DisagreeNeutralAgree

Strongly
agree

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Intervention studies should be conducted at farm level

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Intervention studies should be conducted at transport level

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Intervention studies should be conducted at lairage level

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

Future research should focus on practical intervention

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

j
k
l
m
n

It is difficult to assess from the scientific literature whether
genuine risk factors exist for the shedding of E. coli O157 in
cattle
Once monthly sampling intervals are not sufficient for
making inferences on seasonal shedding, because of the
intermittent shedding pattern of E. coli O157 within herds

methods, for example vaccination or the use of probiotics
in feed
Future research should focus on the detection and
elimination of risk factors associated with E. coli O157
The presence of a super shedder in the herd increases the
risk of spread of E. coli O157 to other cattle in the herd
Super shedding events are less likely to occur in a pasture
fed beef herd compared to a lot fed beef herd
To refer to super shedding, I prefer to use the term 'super
shedding animal'
To refer to super shedding, I prefer to use the term 'super
shedding phenomenon'

Your participation in this survey is greatly appreciated.
Any additional comments are welcome:
5

6
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Appendix 2: Email invitation

Dear colleague,
This message is to request your participation in a survey on aspects of Escherichia
coli O157 in cattle. The survey forms part of my PhD research, which is funded by
Meat and Livestock Australia. You have been identified as someone with expertise
through prior involvement in research on E. coli O157. Your contribution to this work
is greatly valued and is key to its success. The questionnaire takes approximately
10 minutes to complete. Participants can opt to receive a summary of the results
expected to be available by the end of 2014.
To participate please click on the following link:
“LINK”
Thank you in advance for your participation.
Please note: If you do not wish to receive further emails on this topic, please click
the link below, and you will be automatically removed from the mailing list.
https://nl.surveymonkey.com/optout.aspx
Kind regards,
Geraldine Lammers
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Appendix 3: Additional figures and tables Chapter 2

New Zealand
1%

South-America
2%

North-America
42%

Asia
3%

Australia
4%
Africa
5%

Europe (excluding
UK and Ireland)
13%

United Kingdom
or Ireland
30%

Figure 7.1 Percentage of participants grouped by geographical region in which the
participants performed most of their research on E. coli O157.
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Table 7.1 Percentage of experts (and non-experts) in each
area of a particular field.
Percentage of participants
(n=102)
Discipline
Research in E. coli O157
Food safety
Zoonotic disease
Public health
Food microbiology
Veterinary microbiology
Descriptive epidemiology
Cattle production
Environmental microbiology
Analytical epidemiology
Policy
Animal pathology

Experts
84.5
77.7
70.9
58.3
55.3
43.7
42.7
40.8
40.8
35.9
31.1
15.5

Non-experts
15.5
22.3
29.1
41.7
44.7
56.3
57.3
59.2
59.2
64.1
68.9
84.5
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Table 7.2 Percentage of participants with experience in each cattle production
system, with breakdown by country.
Percentage of participants

Cattle industry
Beef: grazing
Beef: feedlot
Dairy: intensive
Beef: temperate
Dairy: combined intensive and grazing
Dairy: grazing
Dairy: temperate
Beef: combined feedlot and grazing
Beef: tropical/subtropical
Dairy: tropical/subtropical
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All
(n=102)
40.8
40.8
30.1
26.2
23.3
22.3
21.4
20.4
3.9
2.9

UK
(n=29)
72.4
6.9
27.6
34.5
27.6
48.3
31.0
6.9
6.9
3.1

US
(n=44)
29.5
79.5
36.4
25.0
20.5
6.8
15.9
29.5
2.3
2.3

Other
(n=25)
32.0
20.0
28.0
24.0
24.0
24.0
24.0
20.0
4.0
4.0

Table 7.3 Percentage of participants, with breakdown by geographic region of location, that
indicated potential risk factors for E. coli O157 in cattle faeces as having a moderate or
marked effect
Percentage of participants supporting a
moderate or marked effect
Risk factor
Time of year: summer

Age of the animal

Introduction of new animals

Faeces in water troughs

Feedlot

Time of year: autumn / fall
Contact adult cattle and
calves
Environmental temperature

Recent rainfall

Stressful events

Geographical region

Composition of the diet

Manure management system

Magnitude of effect
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know

All
UK
US
Other
(n=95) (n=27) (n=44) (n=24)
80.0
63.0
95.5
70.8
12.6
22.2
2.3
20.8
7.4
14.8
2.3
8.3
70.5
74.1
65.9
75.0
14.7
7.4
22.7
8.3
14.7
18.5
11.4
16.7
70.5
81.5
61.4
75.0
15.8
7.4
20.5
16.7
13.7
6.8
18.2
8.3
69.5
63.0
63.6
87.5
22.1
18.5
34.1
4.2
8.4
18.5
2.3
8.3
63.2
59.3
70.5
54.2
16.8
0
22.7
25.0
20.0
40.7
6.8
20.8
63.2
55.6
75.0
50.0
27.4
29.6
20.5
37.5
9.5
14.8
4.5
12.5
60.0
63.0
47.7
79.2
20.0
7.4
29.5
16.7
20.0
29.6
22.7
4.2
60.0
48.1
65.9
62.5
21.1
25.9
22.7
12.5
18.9
25.9
11.4
25.0
58.9
44.4
75.0
45.8
24.2
33.3
18.2
25.0
16.8
22.2
6.8
29.2
57.9
44.4
61.4
66.7
22.1
15.9
25.0
12.5
20.0
29.6
13.6
20.8
57.9
55.6
59.1
58.3
28.4
25.9
31.8
25.0
13.7
18.5
9.1
16.7
57.9
40.7
65.9
62.5
32.6
44.4
31.8
20.8
9.5
14.8
2.3
16.7
56.8
51.9
59.1
58.3
25.3
18.5
31.8
20.8
17.9
29.6
9.1
20.8
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P value*
0.003

0.385

0.431

0.006

0.001

0.190

0.018

0.310

0.028

0.310

0.778

0.047

0.227

Percentage of participants supporting a
moderate or marked effect
Risk factor
Herd size
Hygiene and cleanliness on
farm
Time of year: spring

Dairy cattle

Time of year: winter

Pasture based cattle

Presence of finishing cattle

Event of calving
Presence of wild birds and
vermin
Presence of sheep on farm

The use of antibiotics

Pregnancy

Presence of pigs on farm

Type of breed
Presence of dogs on farm
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Magnitude of effect
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked
None / Minimal
Don’t know
Moderate / Marked

All
UK
US
Other
(n=95) (n=27) (n=44) (n=24)
55.8
66.7
54.5
45.8
31.6
14.8
36.4
41.7
12.6
18.5
9.1
12.5
54.7
59.6
43.2
70.8
35.8
18.5
54.5
20.8
9.5
22.2
2.3
8.3
52.6
33.3
68.2
45.8
37.9
51.8
27.3
58.3
9.5
14.8
4.5
12.5
47.4
40.7
45.5
58.3
30.5
22.2
36.4
29.2
22.1
37.0
18.2
12.5
47.4
37.0
54.5
45.8
43.2
48.1
40.9
41.7
9.5
14.8
9.1
12.5
37.9
44.4
36.4
33.3
40.0
22.2
43.2
54.2
22.1
33.3
20.5
12.5
32.6
29.6
36.4
29.2
35.8
22.2
40.9
41.7
31.6
48.1
22.7
29.2
26.3
14.8
25.0
41.7
36.8
33.3
40.9
33.3
36.8
51.9
34.1
25.0
24.2
18.5
29.5
20.8
47.4
51.9
43.2
50.0
25.3
29.6
27.3
29.2
22.1
33.3
6.8
37.5
46.3
29.6
63.6
33.3
31.6
37.0
29.5
29.2
20.0
7.4
20.5
33.3
48.4
48.1
56.8
33.3
31.6
44.4
22.7
33.3
12.6
3.7
11.4
25.0
34.7
29.6
45.5
20.8
52.6
66.7
43.2
54.2
10.5
3.7
6.8
25.0
54.7
48.1
65.9
41.7
37.7
48.1
27.3
33.3
7.4
3.7
6.8
12.5
62.1
55.6
65.9
62.5
30.5
11.6
12.6
25.0
2.1
0
2.3
4.2

P value*
0.196

0.001

0.043

0.237

0.453

0.165

0.230

0.187

0.870

0.004

0.070

0.060

0.047

0.595
0.269

Percentage of participants supporting a
moderate or marked effect
All
UK
US
Other
(n=95) (n=27) (n=44) (n=24)
None / Minimal
61.1
51.9
70.5
54.2
Don’t know
36.8
48.1
27.3
41.7
* P value represents the significance of cross-tabulations of the geographical regions.
Risk factor

Magnitude of effect
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P value*

Table 7.4 The percentage of participants, with breakdown by geographic region of location,
that indicated potential intervention methods as having a moderate or marked effect on
E. coli O157 in cattle faeces
Percentage of participants supporting a
moderate or marked effect
All
UK
US
Other
(n=93) (n=27) (n=42) (n=24)
57.0
70.4
59.5
37.5
26.9
14.8
33.3
29.2
16.1
14.8
7.1
33.3

Intervention method

Magnitude of effect

Vaccination

Moderate / Marked
None / Minimal
Don’t know

Abrupt change in diet

Moderate / Marked
None / Minimal
Don’t know

50.5
28.0
21.5

48.1
18.5
33.3

54.8
35.7
9.5

45.8
25.0
29.2

0.106

Sodium chlorate in water

Moderate / Marked
None / Minimal
Don’t know

34.4
21.5
44.1

22.2
22.2
55.6

50.0
21.4
28.6

20.8
20.8
58.3

0.047

Probiotics in feed

Moderate / Marked
None / Minimal
Don’t know

32.3
50.5
17.2

14.8
63.0
22.2

47.6
42.9
9.5

25.0
50.0
25.0

0.037

Fasting prior to slaughter

Moderate / Marked
None / Minimal
Don’t know

31.2
34.4
34.4

29.6
22.2
48.1

21.4
47.6
31.0

50.0
25.0
25.0

0.047

Use of antibiotics

Moderate / Marked
None / Minimal
Don’t know

30.1
46.2
23.7

14.8
40.7
44.4

42.9
47.6
9.5

25.0
50.0
25.0

0.010

Moderate / Marked
8.6
3.7
7.1
16.7
None / Minimal
53.8
48.1
57.1
54.2
Don’t know
37.6
48.1
35.7
29.2
* P value represents the significance of cross-tabulations of the geographical regions.
Genetic variation
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P*
0.027

0.442

Appendix 4: R code for simulation model
#
**************************************************************************
# EColiPool
# Simulation modeling of pooled sample testing for assessment of herd E. coli
# O157:H7 status. The approach uses E. coli O157 faecal concentration data
# acquired in field studies at Charles Sturt University, Wagga Wagga, NSW.
# The approach is based on resampling from the data to generate "pools" with
# a known concentration of E. coli and assessing whether each pool is positive
# by the standard test.
#
# Adjusted version:
#

- less code, so it runs quicker

#

- all the negative events (days on which no E. coli O157 was found) are removed

#
# Script started 21/11/2014
# last edit 25/11/2014
#
# Geraldine
# *************************************************************************
# Dose response function.
# Given an E. coli concentration (x) what is the probability of a positive result

drf <- function(x) {
# the parameters for the following curve were estimated separately
b0 <- 3.1347
b1 <- 3.3852
x = log10(x)
k <- (exp(b0 + b1*x)) / (1 + exp(b0 + b1*x))
drf <- (runif(1)<k)
return(drf)
}
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#
**************************************************************************
library(lattice)
library('XLConnect')

# data import
DAT <- readRDS("Workingdata.rds")

head(DAT)

# change structure of the variables:
# set shed to a factor
DAT$Shed <- factor(DAT$Shed)
# set cfu to numeric
DAT$CFU <- as.numeric(DAT$CFU)

# Change the 'IMS count' (set as 50CFU/g) to a random number between 8 - 99.
DAT$CFU[DAT$CFU==50]<-round(runif(sum(DAT$CFU==50), 8, 99))

# remove clear events from the data
herdInfected <- aggregate(CFU~Event,FUN=function(x) any(x>0),data=DAT) # herdIfected
gives a TRUE or FALSE for pos or neg events
infected <- herdInfected$Event[herdInfected$CFU] # infected gives only the infected events
DAT <- DAT[DAT$Event%in%infected,] # Save only the infected events in DAT

simulator <- function(data,NumberOfPools,SamplesPerPool,NumberOfDraws=10000){
#NumberOfPools <- 3
#SamplesPerPool <- 2
#data <- DAT#$CFU[data$Event==6]
df <- expand.grid(samps=1:SamplesPerPool,pool=1:NumberOfPools,obs=NA)
n <- nrow(df)
out <- rep(NA,NumberOfDraws)
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ids <- unique(DAT$Event)
for(i in 1:NumberOfDraws){
x <- data$CFU[data$Event==sample(ids,1)]
df$obs <- sample(x,n,replace=TRUE) #take a random number of x, of size n, with
replacement
mns <- aggregate(obs~pool,FUN=mean,data=df)
out[i] <- any(drf(mns$obs))
}
mean(out)
}

#simulator(data=DAT,NumberOfPools=10,SamplesPerPool=1)

all <- expand.grid(pools=1:10,samples=1:10,ProportionPositive=NA)

for(i in 1:nrow(all)){
all$ProportionPositive[i] <- simulator(data=DAT,
NumberOfPools=all$pools[i],
SamplesPerPool=all$samples[i],
NumberOfDraws=1000)
print(all[i,])
}
#
**************************************************************************
# import data overview of the costs
wb <- loadWorkbook('Overview lab costs.xls')
COST <- readWorksheet(wb,sheet='Sheet4', region='A1:E101')

head(COST)

# Merge dataframes 'all' and 'COST'
TOT <- merge(all, COST, by=c("pools","samples"))
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head(TOT)
# set pools and samples to numeric
TOT$pools <- as.numeric(TOT$pools)
TOT$samples <- as.numeric(TOT$samples)
#Order the data
TOT <- TOT[order(TOT$samples),]
TOT <- TOT[order(TOT$pools),]
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