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Abstract

Objective. The objective of this study was to summarize peer-reviewed literature on the preva-
lence and concentration of non-O157 STEC (O26, O45, O103, O111, O121, and O145)
serogroups and virulence genes (stx and eae) in fecal, hide, and carcass samples in pre- and
peri-harvest cattle worldwide, using a systematic review of the literature and meta-analyses.
Data synthesis. Seventy articles were eligible for meta-analysis inclusion; data from 65 articles
were subjected to random-effects meta-analysis models to yield fecal prevalence estimates.
Meta-regression models were built to explore variables contributing to the between-study
heterogeneity.
Results.Worldwide pooled non-O157 serogroup, STEC, and EHEC fecal prevalence estimates
(95% confidence interval) were 4.7% (3.4–6.3%), 0.7% (0.5–0.8%), and 1.0% (0.8–1.1%),
respectively. Fecal prevalence estimates significantly differed by geographic region (P < 0.01)
for each outcome classification. Meta-regression analyses identified region, cattle type, and
specimen type as factors that contribute to heterogeneity for worldwide fecal prevalence
estimates.
Conclusions. The prevalence of these global foodborne pathogens in the cattle reservoir is
widespread and highly variable by region. The scarcity of prevalence and concentration
data for hide and carcass matrices identifies a large data gap in the literature as these are
the closest proxies for potential beef contamination at harvest.

Introduction

Rationale

Globally, Shiga toxin-producing Escherichia coli (E. coli; STEC) are foodborne pathogens of
public health importance (FAO and WHO, 2019). A subset of STEC, enterohemorrhagic
E. coli (EHEC), are known to cause severe disease in humans such as hemorrhagic colitis
and hemolytic uremic syndrome (Caprioli et al., 2005). The Center for Disease Control and
Prevention (CDC) estimates that out of approximately 265,000 human illnesses each year,
approximately 3,600 patients are hospitalized and subsequently 30 deaths are attributed to
these pathogens in the United States (CDC, 2016). EHEC causes severe human disease in
part due to the intimate attachment of the bacterium to the host cell, mediated by intimin,
which is encoded by an eae gene, in addition to at least one Shiga toxin gene (stx1 and/or
stx2). Cattle are a known reservoir of STEC and EHEC as they harbor these pathogens in
their gastrointestinal tracts and shed them in their feces (Bettelheim, 2000; Pihkala et al.,
2012). When the source of illness was known, beef products were the most frequently attrib-
uted source of STEC-associated human illness worldwide (FAO and WHO, 2019).

Cattle feces contaminate cattle hides in the production environment, during transport or in
lairage, increasing the potential for cross-contamination of beef carcasses, and subsequent beef
products, at the harvest facility (Loneragan and Brashears, 2005; Fox et al., 2008; Jacob et al.,
2010; Ekong et al., 2015). Therefore, cattle fecal, hide, and carcass STEC and EHEC prevalence
estimates are a proxy for the potential risk at slaughter (Renter et al., 2008), whereas
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concentration estimates quantify the risk these pathogens
represent at harvest. In the last decade, EHEC of public health
importance has been categorized into ‘O157’ and ‘non-O157’ ser-
ogroups. Each year in the United States, the CDC has estimated
that O157 and non-O157 pathogens are responsible for approxi-
mately 95,400 and 169,600 human illnesses, respectively (CDC,
2016). Whereas E. coli O157, specifically E. coli O157:H7, has
been widely researched over the last 30 years, including the pub-
lication of systematic reviews for E. coli O157 prevalence in cattle
in North America (Ekong et al., 2015) and globally (Islam et al.,
2014), research regarding non-O157 serogroups, and specifically
the ‘top 6’, including O26, O45, O103, O104, O111, O121, and
O145, has only been prominent during the last decade. As a
result, there is limited information about key risk factors, geo-
graphic distribution, and serogroup-specific estimates of the top
6 in cattle prior to harvest.

Prevalence and concentration estimates of non-O157 patho-
gens are crucial to assess the distribution and load of bacteria
in the cattle reservoir and to implement targeted mitigation strat-
egies for lowering the risk of these foodborne pathogens in the
beef supply. Therefore, our overarching goal was to compile evi-
dence on global estimates of prevalence and concentration of
non-O157 serogroups in the cattle reservoir.

Objective

The objective was to gather, integrate, and interpret scientific data
on the prevalence and concentration of the top 6 non-O157 ser-
ogroups (O26, O45, O103, O104, O111, O121, and O145) and
virulence genes (stx1, stx2, and eae) in fecal, hide, and carcass
samples of pre- and peri-harvest adult cattle globally using a
systematic review of the literature and meta-analysis. Meta-
regression models were employed to evaluate the sources contrib-
uting to the variability of the prevalence estimates obtained.

Methods

Protocol

The systematic review methodology employed was in accordance
with procedures outlined by O’Connor and Sargeant (2014).
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses Protocol (PRISMA and PRISMA-P) guidelines
(Liberati et al., 2009; Moher et al., 2015; Page et al., 2021) were
followed for reporting purposes.

Eligibility criteria

Peer-reviewed, primary research published in English that
reflected the inclusion criteria (Table 1) was considered eligible.
Non-peer-reviewed, gray literature, and peer-reviewed literature
pertaining to experimental studies, in vitro experiments, simula-
tion studies, or non-primary research (e.g. literature reviews,
short communications) were excluded.

The research question was: What is the prevalence and con-
centration of the top 6 non-O157 serogroups (O26, O45, O103,
O104, O111, O121, and O145) and virulence genes (stx1, stx2,
and eae) in fecal, hide, and carcass samples of pre- and peri-
harvest adult cattle globally? The initial protocol was modified
from a restricted search of North America to include all regions
worldwide. Specific components of the research question
included:

Population (P): Healthy, pre- and peri-harvest adult cattle (older than 8
months of age). Pre-harvest cattle were defined as cattle in their produc-
tion environments before being sold or shipped to slaughter. Peri-harvest
was defined as the time after cattle leave the farm until after stunning and
hide removal, but prior to the application of any carcass interventions.
Outcomes (O): Prevalence and concentration of non-O157 serogroups
(O26, O45, O103, O111, O121, and O145) and associated virulence
genes (stx1, stx2, and eae) in fecal, hide, and carcass samples. Prevalence
and concentration data were extracted according to three different out-
come classifications, depending on the virulence gene combination: (1)
‘serogroup’ refers to samples that tested positive for an E. coli serogroup
gene of interest (O26, O45, O103, O111, O121, or O145), (2) ‘STEC’ refers
to samples that tested positive for a specific E. coli O serogroup and at least
one Shiga toxin (stx1 and/or stx2) gene, and (3) ‘EHEC’ refers to samples
that tested positive for an E. coli O serogroup, at least one Shiga toxin
gene, and the intimin (eae) gene.

Information sources

Electronic databases accessed through the Kansas State University
Library on 21 March 2019 included Agricola, Web of Science, and
PubMed. Retrieved titles and abstracts were imported into a
bibliographic management program (EndNoteX9, Clarivate
Analytics). In addition, reference lists of articles considered to
be landmark publications on the subject were also reviewed (i.e.
hand-searched) for inclusion.

Search

In order to generate a complete list of all primary literature rele-
vant to our research question, search terms were created to
account for the population and outcomes of interest. The search
algorithm used included the following terms: ‘(Beef OR Dairy
OR Cattle OR Cow) AND (Escherichia coli OR STEC OR Shiga
toxin OR Shiga toxin producing OR non-O157) AND (hide OR
fecal OR carcass) AND (prevalence OR concentration)’.

The search was restricted to articles published 01 January 2000
to 21 March 2019, with the assumption that diagnostic protocols
used in articles published prior to year 2000 were generally less
sensitive than the methods currently used. No language restric-
tions were set on the original search; however, after the retrieval
of full-text articles, articles were excluded if they were not avail-
able in English due to budgetary constraints. Duplicate articles
were removed using the EndNoteX9 software (EndNoteX9,
Clarivate Analytics) as well as manually checked after importing
from online databases due to miscellaneous spaces or typos that
did not promote the use of automated removal of duplicates.

Study selection

The title and abstract of articles identified through electronic
databases and hand searches were screened for eligibility by a
trained reviewer (DD) based on preset inclusion and exclusion
criteria (Table 1). A second reviewer (NC) validated the first
reviewer’s work. If the abstract did not include enough details
to assess eligibility, full-text articles were retrieved and the entire
article was screened. If the abstract, or article, was deemed eligible
based on our criteria, full-text articles were retrieved and sub-
jected to the risk of bias assessment.

Data extraction protocols and tools were developed, pre-tested
by all reviewers (DD, NC, and MS), and implemented for each
step of the review process using spreadsheets created in
Microsoft Excel. Data were extracted from all articles that met
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four key risk of bias assessment quality criteria (see ‘Risk of bias in
individual studies’ for further details).

Data collection process

A data extraction spreadsheet tool was developed in Microsoft
Excel, where each column represented a variable when extracting
data from the full papers. The data extraction form was pre-tested
by all reviewers using a sample of ten full-text articles. Data
extraction was performed independently by two reviewers (DD
and NC or MS). Disagreements were resolved by consensus or a
third reviewer’s input. Data were extracted for the different
non-O157 E. coli O serogroups of interest (O26, O45, O103,
O111, O121, and O145) reported at various hierarchical levels
(e.g. sample, animal, pen, feedlot, and/or processing plant).
Outcomes of interest were further classified into three outcome
classifications – serogroup, Shiga toxin-producing E. coli
(STEC), or EHEC – to assess the prevalence of specific serogroup
and virulence gene combinations.

In the event that articles presented information on prevalence
or concentration for different outcome classifications or O groups,
the data were extracted in individual rows as unique events (here-
after defined as a ‘study’) in the data extraction form. Therefore,
an article (a peer-reviewed publication describing prevalence or
concentration of non-O157 in cattle fecal samples eligible for
data extraction) could contain more than one study. Each study

reflected one outcome classification (e.g. serogroup O26, STEC
O45, EHEC O103), at a single time point (e.g. day, month, season,
or year), as classified by a laboratory method, representing one
cattle type, at different hierarchical levels (e.g. pen or feedlot)
for a specified matrix (e.g. fecal, hide or carcass).

If data from a study were not explicitly presented but enough
information was available (e.g. prevalence and number of samples
tested), reviewers conducting the data extraction imputed the
required values (e.g. number of positive samples). In addition, if
the authors stated that they tested for serogroups or virulence
genes of interest but did not detect them, it was recorded as a
data point equal to zero for the respective outcome classification
with the provided denominator. Conversely, if authors did not
mention specific serogroups of interest, it was assumed that
they were not tested for and data were neither extracted nor
assigned a zero. Additionally, retrieved articles presenting hide
prevalence or concentration data for non-O157 serogroups
detected in commercial plants following hide wash interventions
(e.g. cabinet wash or chemical application), or articles that did
not state clearly at which stage of the harvest process the hide/car-
cass sample was collected, were excluded from this review.
Experimentally inoculated fecal, hide, or carcass studies were
also excluded from this review. Although considered a peri-
harvest intervention, articles reporting hide prevalence data after
the application of bacteriophage in lairage pens or water post-
stunning were deemed eligible and data were extracted. Authors

Table 1. Inclusion and exclusion criteria for eligibility (relevance screening) of articles for the present systematic review of the literature

Criteria Inclusion Exclusion

Language • English • Languages other than English

Publication year • 2000–2019 • Prior to 2000

Population • Healthy, adult cattle (8 months and older) pre- and peri-harvest
• Pre-harvest: cattle before transport to the harvest facility
• Peri-harvest: the time after cattle leave the farm until after stunning
and hide removal prior to any carcass interventions

• Any breed

• Calves (<8 months)
• Species other than cattle
• Diseased cattle

Sample type • Fecal: pen-floor, rectal swab, rectal grab/intestinal contents, cecal
content (sampled pre- or post-harvest)

• Hide and carcass: samples (e.g. sponge, swab, etc.) prior to any
in-plant intervention

• Hide and carcass: samples post in-plant
interventions (e.g. hide wash, carcass wash)

Study type • Observational studies (cross-sectional, cohort, case-control)
• Laboratory trials (using field samples)

• Experimental studies
• In vitro (laboratory) experiments
• Non-primary research (e.g. literature reviews)

Outcomes • Escherichia coli O26, O45, O103, O111, O121, and O145
• Virulence genes: stx1, stx2, eae

• Bacterial species other than Escherichia coli
• All other Escherichia coli O serogroups
• All other virulence genes

Outcome measures • Prevalence (or proportion positive), concentration • Outcomes other than prevalence and
concentration

Region • North America (USA, Mexico, and Canada) • See belowa

aInitially, the search was restricted to articles produced in North America; however, given the low number of articles, we expanded the search to include articles available in English from
peer-reviewed literature and cattle populations worldwide.
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were not contacted to identify additional studies or inquire about
additional information, only the full-text articles were considered.

Data items

Publication information extracted from each article and study
included first author, title, and year of publication. Key study
characteristics extracted were as follows: region (Africa, Asia,
Australia/Oceania, Europe, Middle-East, North America, South
America), time of harvest (pre-harvest or post-harvest), cattle
type (beef, dairy, beef and dairy, or unknown), outcome classifi-
cation (serogroup, STEC, or EHEC), non-O157 O gene of interest
(O26, O45, O103, O111, O121, or O145), diagnostic methodology
(culture, culture + immunomagnetic separation (IMS), polymer-
ase chain reaction (PCR) only, or other), specimen matrix
(fecal, hide, or carcass), specimen type (pen-floor, rectal grab, rec-
tal swab, cecal, unknown, or sponge sample), number of positive
samples, number of samples tested, prevalence or proportion
positive, and hierarchical level of data reported (sample, animal,
pen, feedlot, or processing plant). For specimen type, rectal grab
samples typically referred to samples collected pre-harvest and
also included peri-harvest samples obtained from fecal material
removed from the rectum prior to evisceration, as these were con-
sidered similar specimen types a priori. Additional data that were
extracted, if provided, included month(s) study was conducted,
year(s) study was conducted, season, country of study, breed,
age, stage of production (e.g. finishing period at calving), study
design (e.g. cross-sectional or longitudinal; as determined by
reviewers), and repeated measures (yes or no).

Study risk of bias assessment

A set of seven quality criteria (Table 2) was designed, based on
guidelines described by Sargeant et al. (2006) and Higgins et al.
(2019). These criteria were modified from the risk of bias assess-
ment used by Ekong et al. (2015). The purpose of the risk of
bias assessment was to evaluate internal and external validity,
and overall study design and execution, prior to extracting data
from relevant articles by evaluating criteria (C) representing
three domains (Sanderson et al., 2007). The key domains evaluated
include (1) design-specific sources of bias (C1 or C6), (2) appro-
priateness of population based on inclusion criteria (C2, C3 or
C4), and (3) methods for measuring outcome variables (C5, C6
or C7). Sample size calculation (C1) and cattle type (C2), repre-
sented internal validity-related factors; whereas animal production
setting (C3) and study catchment area (C4) served as external val-
idity criteria. Criteria for measuring the outcome included a clear
depiction of the number of positives, number of samples tested,
and/or the ability to calculate a prevalence (C5) for a specified per-
iod of time (C6), and for a specific serogroup (C7).

Four criteria (C2, C3, C5, and C7) were deemed crucial to
meet internal and external validity characteristics and needed to
proceed with data extraction. Articles failing to meet one or
more of these criteria were excluded. In some instances, cattle
type (C2) was not explicitly stated, but if there was enough infor-
mation (e.g. breed, age, diet, and housing) provided to indicate
that the study population referred to healthy, adult cattle, the art-
icle was still considered for data extraction. If authors stated a spe-
cific breed or production purpose, reviewers assigned the breed to
a cattle type category (e.g. beef or dairy). Criterion 3 posed a chal-
lenge regarding articles published from countries where animal
production practices were not familiar to the reviewers; therefore,

unless the authors specifically stated that the animals were housed
in a research farm, it was assumed that animals were housed in
representative field conditions for that region.

The protocol for assessing risk of bias (Table 2) was pre-tested
on a set of ten abstracts that were reviewed for relevance by two
reviewers (DD and NC) to determine reproducibility. For all
retrieved full-text articles, two reviewers (DD and MS or NC) inde-
pendently evaluated the risk of bias (Table 2). Disagreements were
resolved by consensus or a third reviewer’s input.

Summary measures

For analysis purposes, data on fecal prevalence and calculated
standard errors were logit transformed using R version 3.6.1.
Numerators with a zero value were assigned a value of 0.5 prior
to the logit transformation. The final pooled logit results (includ-
ing their 95% confidence intervals) obtained from the
meta-analysis models were back-transformed and expressed as
percentages.

Synthesis of results

Hide and carcass prevalence and concentration data for all matri-
ces were summarized using qualitative methods. Fecal prevalence
results presented at the sample-level were analyzed quantitatively
using meta-analysis. Using EpiTools (Sergeant, 2015), prevalence
estimates obtained from pooled fecal samples were adjusted to
compute individual sample-level prevalence estimates using the
pooled prevalence calculator for fixed pool size and assuming a
perfect test; otherwise, only crude estimates were used in the
analysis.

Meta-analysis
Data were separated into two datasets prior to analysis: (1) world-
wide data by outcome classification, and (2) North American
(Canada, Mexico, and USA) data by outcome classification.
Random-effects meta-analyses were fitted to estimate the preva-
lence of non-O157 serogroup, STEC, and EHEC outcome classi-
fications in cattle fecal samples, using the inverse variance
method. All data were analyzed using R version 3.6.1 using the
meta package (version 4.9-9; Balduzzi et al., 2019) unless other-
wise stated.

Meta-analyses and subgroup analyses were used to determine
serogroup-specific fecal prevalence estimates for each outcome clas-
sification (function ‘metaprop’), in the: (1) worldwide dataset by
region, (2) worldwide dataset by O gene, (3) North American data-
set by O gene, and (4) North American dataset by country.
Following a logit transformation, the following specifications were
used for each model: DerSimonian–Laird estimator for between-
study variance (τ2; DerSimonian and Laird, 1986), and Hartung–
Knapp adjustment for random effects (Knapp and Hartung,
2003; Viechtbauer, 2010a). The final pooled logit results (including
their 95% confidence intervals) obtained from the meta-analysis
models were back-transformed and expressed as percentages.

Between-study heterogeneity was quantified using the
Cochrane’s χ2 test of homogeneity (Q) and the I2 statistic
(Higgins et al., 2019). Cochrane’s Q statistic was used to evaluate
whether the variation between studies exceeds that expected by
chance and is used to compute the I2 statistic; I2 = [Q − degrees
of freedom/Q ] × 100 (Higgins et al., 2019). P-values <10% (P <
0.10) indicated significant between-study heterogeneity. The
Higgins’ I2 statistic represents the percentage of the total
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variability in a set of effect sizes due to true heterogeneity rather
than chance (Higgins et al., 2019). Using the scale suggested by
Higgins et al. (2019), I2 values between 30–60, 50–90, and 75–
100% may indicate moderate, substantial, and considerable het-
erogeneity, respectively. Causes of heterogeneity were explored
using subgroup analysis and meta-regression techniques.

Additional analyses

Meta-regression
Uni-variable and multi-variable meta-regression models were
built (using ‘metareg’) to examine the contribution of specific
variables to the between-study heterogeneity of the worldwide
and North American pooled fecal prevalence estimates obtained
for each outcome classification. Explanatory variables of interest
were: time of harvest (pre- or peri-harvest), cattle type (beef,
dairy, beef and dairy, or unknown), laboratory method (PCR
only, culture, culture + IMS, other), specimen type (cecal, rectal
grab, pen-floor, rectal swab, or unknown), and region (Asia,
Australia/Oceania, Europe, North America, or South America).
Initially, uni-variable meta-regression models were fit to explore
the association between each of the explanatory variables and
the fecal prevalence for each outcome classification.

Variables with P < 0.10 in the uni-variable screen were
included in the multi-variable meta-regression models. Based
on our causal web diagram constructed a priori, specimen type
is an intervening variable through harvest time and therefore,
either specimen type or harvest time, not both, were eligible for

inclusion in the multi-variable model (Supplementary Material,
Appendix A Fig. 1). There were no plausible interactions between
variables of interest based on our causal diagram and therefore no
interactions were evaluated. A backward elimination procedure
was followed for removal of non-significant variables. Variables
with P-values ≤5% (P≤ 0.05) were deemed significant and were
kept in the multi-variable meta-regression models. The final
pooled logit regression coefficients and their 95% confidence
intervals were back-transformed.

Risk of bias across studies

Although subjective, funnel plots allow visual interpretation of
whether the association between prevalence estimates and a meas-
ure of study size (e.g. standard error) is greater than what may be
expected to occur by chance (Sterne et al., 2000). To assess poten-
tial publication bias, we generated funnel plots using the function
‘funnel’. A formal asymmetry test (using ‘metabias’ and ‘lingreg’)
was used to evaluate the presence of small study effects for
non-O157 serogroup, STEC, and EHEC outcome classifications
worldwide and for specific serogroups in North America (Egger
et al., 1997). This regression-based test for detection of skewness
determined whether the intercept deviated significantly from zero
in a weighted regression of standardized prevalence estimates (on
a logit scale) against their precision (e.g. standard error) (Egger
et al.,1997; Steichen, 1998). P-values <5% (P < 0.05) indicated
funnel plot asymmetry.

Table 2. Risk of bias assessment criteria

Criteria Outcome

Data
extracted

Data not
extracteda

No. articles No. articles

1. Was the sample size justified? No/unknown/not reported 58 74

Yes 12 9

2. Was the study population properly described?b No/unknown 0 10

Yes (cattle; beef and/or dairy cattle) 70 73

3. Were the animals housed or grouped in a way that is
representative of field/commercial conditions?b

No/unknown/not reported 0 9

In part – closed system; research farms 5 6

Yes – typical of commercial operations 65 68

4. Study catchment area Single-site (one operation/farm/processing plant) 26 24

Multi-site (multiple operation/farms/processing plants/
multiple states)

44 59

5. Were the numerator and denominator for the
prevalence provided?b

No numerator and/or denominator (can’t calculate
prevalence)

0 60

Provided both numerator and denominator (or prevalence
and numerator/denominator; can calculate prevalence)

70 23

6. Was time/duration (month, season) of study
reported?

No/unknown/multiple seasons but cumulative prevalence 50 68

Less than 3 months 6 5

Three months or more (full season) 14 10

7. Can clearly identify at least one non-O157 STEC
serogroup (O26, O45, O103, O111, O121, or O145)b

No 0 28

Yes 70 55

aThere were 168 articles deemed relevant for the risk of bias assessment. In total, 70 articles met the risk of bias assessment criteria and data were extracted, 83 articles failed the risk of bias
assessment and data were not extracted. Additionally, upon further reviewing the full-text articles that were eligible for the risk of bias assessment, 15 articles did not meet the inclusion
criteria (e.g. study type) and were excluded.
bArticles that did not meet criteria 2, 3, 5, or 7 were excluded and were not considered for data extraction.
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Results

Study selection

The number of research articles retrieved at each step of the pro-
cess is presented in Fig. 1. Initially, a total of 3241 articles were
obtained from three electronic databases. Of the articles initially
retrieved, 1063 were duplicates and 1952 were excluded based
on the title and abstract screening. Two hundred and sixteen full-
text articles were retrieved; however, 65 articles were excluded as
they did not meet our inclusion criteria (Table 1). A total of 168
articles were subjected to the risk of bias assessment (Table 2) and
98 articles were subsequently excluded. Data were extracted from
70 articles.

Study characteristics

In this systematic review, of the 70 articles retrieved, 65 articles
reported the fecal prevalence of non-O157 serogroups and viru-
lence genes in pre- and peri-harvest cattle. Few articles were
retrieved for hide (n = 8) and carcass (n = 4) matrices worldwide.
Five articles provided prevalence data for more than one matrix of
interest: fecal and hide (n = 1; Midgley and Desmarchelier, 2001),
hide and carcass (n = 2; Svoboda et al., 2013; Stromberg et al.,
2015) and fecal, hide, and carcass (n = 2; Thomas et al., 2012;
Stromberg et al., 2016b). Concentration data were scarce for all
matrices. Three articles presented fecal concentration data
(Murphy et al., 2016; Shridhar et al., 2016, 2017) and one article
presented hide and carcass concentration data (Thomas et al.,
2012). Due to limited data, hide and carcass prevalence data
and concentration data for all matrices were not subjected to
meta-analysis. Fecal prevalence data, however, were analyzed
using meta-analysis and meta-regression models.

Risk of bias within studies

Articles that were eligible for data extraction following the risk of
bias assessment are tabulated by criteria in Table 2. The majority
of data extracted were from articles presenting data for cattle
housed in commercial farming conditions typical of their respect-
ive region (92.9%; 65/70) rather than research farms (7.1%; 5/70).
Less than 20% of articles (12/70; 17.1%) included a sample size
justification in the manuscript. The majority of articles (62.9%;
44/70) represented a study design that included multiple sites,
whereas 37.1% (26/70) were conducted at a single site. The length
of the study was not known for the majority (71.4%; 50/70) of the
articles as only cumulative prevalence estimates were presented.
For articles that presented study duration (28.6%; 20/70), six stud-
ies (30.0%; 6/20) reported to last less than three months whereas
14 studies (70.0%; 14/20) reported to last longer than three
months.

Results of individual studies

Fecal prevalence and concentration
Fecal prevalence data for non-O157 serogroups and associated
virulence genes of interest were extracted from 65 articles from
seven regions (Africa, n = 3; Asia, n = 11; Australia/Oceania, n =
6; Europe, n = 17; Middle East, n = 1; North America, n = 21;
South America, n = 6) worldwide. Although data from these 65
articles were eligible for inclusion in the worldwide fecal preva-
lence meta-analysis, due to limited data per respective outcome
classification in each region, five articles and subsequently three

regions were excluded from the worldwide meta-analysis by out-
come classification: Africa (n = 3; serogroup: Musa et al., 2012;
EHEC: El-Gamal and El-Bahi, 2016; STEC: Adamu et al.,
2018), Middle East (EHEC, n = 1; Mohammed et al., 2015), and
South America (serogroup, n = 1; Vicente et al., 2005).
Additionally, three articles were excluded from the worldwide
fecal prevalence meta-analysis because they only presented farm-
level, rather than sample-level, fecal prevalence data (n = 2;
Australia/Oceania: McAuley et al., 2014; Middle East: Rehman
et al., 2014) or contained redundant data with previously pub-
lished literature (n = 1; North America: Shridhar et al., 2016).
Therefore, 57 articles were eligible for inclusion in the worldwide
fecal prevalence meta-analysis by region. The sample denomin-
ator extracted from these 57 articles ranged from ten to 78,705
fecal samples. In two articles (Dargatz et al., 2013; Stanford
et al., 2016), sample-level prevalence estimates were obtained
from pooled fecal samples (range = 785–78,705) using EpiTools
pooled prevalence calculator (Sergeant, 2015). All other extracted
data were unadjusted prevalence estimates (range = 10–6086 fecal
samples).

With respect to outcome classifications, most articles pre-
sented data for both EHEC and STEC classifications (n = 16), fol-
lowed by EHEC only (n = 15), STEC only (n = 8), serogroup only
(n = 8), STEC and serogroup (n = 1), and EHEC and serogroup
(n = 1). Eight articles presented data for all outcome classifica-
tions, EHEC, STEC, and serogroup. Articles included in the
worldwide fecal prevalence meta-analysis are reported by key
study variables in Table 3. Fecal prevalence data were synthesized
using meta-analyses to obtain worldwide fecal prevalence esti-
mates by region (see Synthesis of Results), whereas fecal concen-
tration data were much more limited and their results are
presented below.

In addition to the worldwide results, we further explored fecal
prevalence estimates in North America. Fecal prevalence esti-
mates, however, were largely represented by data from the USA
(n = 13; Thran et al., 2001; Bai et al., 2012; Paddock et al., 2012;
Dargatz et al., 2013; Baltasar et al., 2014; Ekiri et al., 2014;
Dewsbury et al., 2015; Singh et al., 2015; Stromberg et al.,
2016b; Agga et al., 2017; Cull et al., 2017; Shridhar et al., 2017;
Schneider et al., 2018a). Canada was represented by five studies
(n = 5; Schurman et al., 2000; Renter et al., 2007; Karama et al.,
2008; Hallewell et al., 2016; Standford et al., 2016), however, no
data were obtained from Mexico. Fecal prevalence data by O
gene for each outcome classification, obtained from North
America, represented by the USA and Canada, were synthesized
using meta-analyses (see Synthesis of Results).

Fecal concentration data for non-O157 serogroups of interest
were limited (Murphy et al., 2016; Shridhar et al., 2016, 2017).
Two articles represented beef cattle in the USA (Shridhar et al.,
2016, 2017) and one represented lactating dairy cattle in Ireland
(Murphy et al., 2016). These three articles utilized a variety of
laboratory methods for quantification, including real-time PCR,
multiplex quantitative PCR (mqPCR), and spiral plating (SP).
Murphy et al. (2016) reported concentration data for O26 in
two Irish dairy herds, represented by 40 lactating cows per
herd, sampled via recto-anal mucosal (RAM) swabs, longitudin-
ally over the course of one year. Three (0.6%) of 529 RAM
swabs subjected to quantitative real-time PCR were classified as
EHEC O26 high-shedding positives (defined as ≥104 CFU/
swab; Murphy et al., 2016).

The remaining two articles (Shridhar et al., 2016, 2017) pre-
sented fecal concentration data for all non-O157 serogroups of
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interest, from fed beef cattle housed in commercial US feedlots
sampled prior to harvest, and quantified utilizing mqPCR and
SP methods. Five-hundred and seventy-six pen-floor fecal sam-
ples were subjected to mqPCR; the proportion of samples harbor-
ing super-shedding concentrations (≥104 CFU/gram of feces)
were 7.1, 6.4, 5.0, and 0.4%, for O45 and O103, O121, O26,
O145 and O111, respectively (Shridhar et al., 2016). Similar
trends were observed for the top 6 serogroups in another observa-
tional feedlot study comparing SP and mqPCR methods
(Shridhar et al., 2017) where the most frequently quantified ser-
ogroups at high-shedding concentrations were O103 (SP: 7.5%,
86/1152; mqPCR: 18.2%, 210/1152) and O26 (SP: 1.6%, 18/
1152; mqPCR: 6.9%, 80/1152). The proportion of quantifiable
samples for the top 6 serogroups ranged from undetected to
7.5% for the SP method and 0.4–18.2% for mqPCR (Shridhar
et al., 2017).

Hide prevalence and concentration
Data on non-O157 serogroup and virulence gene prevalence and
concentration were limited for cattle hides and are reported
descriptively for all outcome classifications (Table 4). Eight arti-
cles containing hide prevalence data were retrieved from five
countries (Australia, Honduras, Ireland, Nicaragua, and the
USA). A single article presented hide concentration data
(Thomas et al., 2012).

Two articles, represented by five studies, reported data for
non-O157 serogroups O26, O103, O111, and O145. These
non-O157 serogroups were detected on peri-harvest beef cattle
hides ranging from undetected to 27.1%. The two serogroups
most frequently detected from beef cattle hides were serogroups
O26 and O103, with reported prevalence estimates of 6.0 and
27.1%, respectively. Furthermore, Thomas et al. (2012) quantified
serogroup O103 on cattle hides at harvest yielding estimates for

Fig. 1. Flow chart of study selection for meta-analysis eligibility.
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Table 3. List of the articles included in the worldwide meta-analysis of fecal prevalence across all outcome classifications by key study variables

Variable
No.

articles References

Region

Asia 11 Das et al. (2005), Islam et al. (2008), Jeon et al. (2006), Kang et al. (2014), Khan et al. (2002), Kijima-Tanaka et al. (2005),
Kobayashi et al. (2001), Sasaki et al. (2011, 2013a, 2013b), Shinagawa et al. (2000)

Australia/
Oceania

6 Barlow and Mellor (2010), Cobbold and Desmarchelier (2000), Hornitzky et al. (2002), Jaros et al. (2016), Mellor et al.
(2016), Midgley and Desmarchelier (2001)

Europe 17 Bibbal et al. (2015), Bolton et al. (2014), Bonardi et al. (2005, 2007), Joris et al. (2011, 2013), Lynch et al. (2012),
Monaghan et al. (2011), Murphy et al. (2016), Orden et al. (2002), Pearce et al. (2004, 2006), Pradel et al. (2000), Shaw
et al. (2004), Thomas et al. (2012), Zschöck et al. (2000), Zweifel et al. (2005)

North America 18 Agga et al. (2017), Bai et al. (2012), Baltasar et al. (2014), Cull et al. (2017), Dargatz et al. (2013), Dewsbury et al. (2015),
Ekiri et al. (2014), Hallewell et al. (2016), Karama et al. (2008), Paddock et al. (2012), Renter et al. (2007), Schneider et al.
(2018a), Schurman et al. (2000), Shridhar et al. (2017), Singh et al. (2015), Stanford et al. (2016), Stromberg et al.
(2016b), Thran et al. (2001)

South America 5 Farah et al. (2007), Fernández et al. (2010), Meichtri et al. (2004), Padola et al. (2004), Timm et al. (2007)

Time of harvest

Pre-harvest 37 Bai et al. (2012), Baltasar et al. (2014), Bolton et al. (2014), Cobbold and Desmarchelier (2000), Cull et al. (2017), Dargatz
et al. (2013), Das et al. (2005), Dewsbury et al. (2015), Ekiri et al. (2014), Fernández et al. (2010), Hallewell et al. (2016),
Hornitzky et al. (2002), Jeon et al. (2006), Joris et al. (2013), Kang et al. (2014), Khan et al. (2002), Kijima-Tanaka et al.
(2005), Kobayashi et al. (2001), Lynch et al. (2012), Midgley and Desmarchelier (2001)*, Monaghan et al. (2011), Murphy
et al. (2016), Orden et al. (2002), Paddock et al. (2012), Padola et al. (2004), Pearce et al. (2004, 2006), Renter et al.
(2007), Sasaki et al. (2011, 2013a, 2013b), Schneider et al. (2018a), Shaw et al. (2004), Shridhar et al. (2017), Singh et al.
(2015), Thran et al. (2001), Zschöck et al. (2000)

Peri-harvest 22 Adamu et al. (2018), Agga et al. (2017), Barlow and Mellor (2010), Bibbal et al. (2015), Bonardi et al. (2005, 2007), Farah
et al. (2007), Islam et al. (2008), Jaros et al. (2016), Joris et al. (2011), Karama et al. (2008), Meichtri et al. (2004), Mellor
et al. (2016), Midgley and Desmarchelier (2001)*, Pradel et al. (2000), Schurman et al. (2000), Shinagawa et al. (2000),
Stanford et al. (2016), Stromberg et al. (2016b), Thomas et al. (2012), Timm et al. (2007), Zweifel et al. (2005)

Cattle type

Beef 33 Agga et al. (2017), Bai et al. (2012), Baltasar et al. (2014), Barlow and Mellor (2010), Bibbal et al. (2015)*, Cull et al.
(2017), Dargatz et al. (2013), Dewsbury et al. (2015), Ekiri et al. (2014), Farah et al. (2007), Hallewell et al. (2016),
Hornitzky et al. (2002)*, Jaros et al. (2016), Joris et al. (2011, 2013), Kang et al. (2014)*, Karama et al. (2008),
Kijima-Tanaka et al. (2005), Meichtri et al. (2004), Mellor et al. (2016)*, Midgley and Desmarchelier (2001), Paddock et al.
(2012)*, Padola et al. (2004), Pearce et al. (2004), Renter et al. (2007), Sasaki et al. (2011, 2013a)*, Schneider et al.
(2018a), Schurman et al. (2000), Shaw et al. (2004), Shridhar et al. (2017), Thomas et al. (2012), Timm et al. (2007)

Beef and dairy 8 Bonardi et al. (2005, 2007), Hornitzky et al. (2002)*, Jeon et al. (2006), Monaghan et al. (2011), Paddock et al. (2012)*,
Sasaki et al. (2013a)*, Shinagawa et al. (2000)

Dairy 16 Bibbal et al. (2015)*, Cobbold and Desmarchelier (2000), Das et al. (2005), Fernández et al. (2010), Kang et al. (2014)*,
Kobayashi et al. (2001); Lynch et al. (2012); Mellor et al. (2016)*; Murphy et al. (2016); Paddock et al. (2012)*; Sasaki
et al. (2013a*, 2013b); Singh et al. (2015); Stromberg et al. (2016b); Thran et al. (2001); Zschöck et al. (2000)

Unknown 8 Bolton et al. (2014); Islam et al. (2008); Khan et al. (2002), Orden et al. (2002), Pearce et al. (2006), Pradel et al. (2000),
Stanford et al. (2016), Zweifel et al. (2005)

Laboratory methods

Culture 29 Bai et al. (2012)*, Baltasar et al. (2014), Bolton et al. (2014), Cobbold and Desmarchelier (2000), Das et al. (2005), Ekiri
et al. (2014)*, Farah et al. (2007), Fernández et al. (2010), Hornitzky et al. (2002), Islam et al. (2008), Kang et al. (2014),
Khan et al. (2002), Kijima-Tanaka et al. (2005), Kobayashi et al. (2001), Lynch et al. (2012)*, Meichtri et al. (2004),
Monaghan et al. (2011), Orden et al. (2002), Paddock et al. (2012), Padola et al. (2004), Pradel et al. (2000), Renter et al.
(2007), Schurman et al. (2000), Shaw et al. (2004), Singh et al. (2015), Thran et al. (2001), Timm et al. (2007), Zschöck
et al. (2000), Zweifel et al. (2005)

Culture + IMS 25 Bai et al. (2012)*, Barlow and Mellor (2010), Bibbal et al. (2015), Bonardi et al. (2005, 2007), Cull et al. (2017), Dewsbury
et al. (2015), Ekiri et al. (2014)*, Hallewell et al. (2016), Jaros et al. (2016), Jeon et al. (2006), Joris et al. (2011, 2013),
Lynch et al. (2012)*, Mellor et al. (2016), Murphy et al. (2016), Pearce et al. (2004, 2006), Sasaki et al. (2011, 2013a,
2013b), Shinagawa et al. (2000), Shridhar et al. (2017), Stromberg et al. (2016b)*, Thomas et al. (2012)

PCR only 3 Dargatz et al. (2013), Karama et al. (2008), Stanford et al. (2016)

Other 4 Agga et al. (2017), Midgley and Desmarchelier (2001), Schneider et al. (2018a), Stromberg et al. (2016b)*

Specimen type

Pen-floor 11 Bolton et al. (2014), Cull et al. (2017), Dewsbury et al. (2015), Midgley and Desmarchelier (2001), Monaghan et al. (2011),
Paddock et al. (2012), Pearce et al. (2006), Renter et al. (2007), Schneider et al. (2018a), Shridhar et al. (2017), Stanford
et al. (2016)

(Continued )
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six samples, out of the 130-sample subset tested, between 10 and
110 CFU/cm2, the other 124 samples contained colony counts too
low to estimate by direct plating methods (Table 4).

Hide prevalence estimates were obtained for all six non-O157
STEC of interest from three articles. Represented by 11 studies,
non-O157 STEC hide prevalence estimates in peri-harvest beef
cattle ranged from undetected to 0.3%. Only STEC O26 and
O103 were detected on cattle hides. Other non-O157 STEC
(O45, O111, O121, and O145) were tested for but not detected
on peri-harvest cattle hides.

Seven articles containing hide prevalence data, representing 55
studies, presented non-O157 EHEC hide prevalence data.
Prevalence estimates reported ranged from undetected to 47.0,
57.5, 35.9, 29.3, 46.0, and 49.0% for EHEC O26, O45, O103,
O111, O121, and O145, respectively.

Carcass prevalence and concentration
Data on pre-intervention carcass prevalence and study characteris-
tics are presented in Table 5. Four articles reported top 6 prevalence
data and a single article (Thomas et al., 2012) presented concentra-
tion data for pre-intervention carcasses. Serogroup prevalence esti-
mates for the top 6 ranged from undetected to 13.8% on
peri-harvest beef carcass samples. Serogroup O111 was not detected
on peri-harvest carcasses in any of the retrieved articles. Thomas
et al. (2012) reported a serogroup O103 carcass prevalence of
5.5%, but did not detect quantifiable concentrations of serogroup
O103 on the corresponding cattle carcasses. Moreover, Thomas
et al., 2012 presented STEC prevalence data on pre-intervention
beef carcasses where STEC O26, O103, O111, and O145 were
undetected and STEC O45 and O121 were not tested for. Three
articles (Thomas et al., 2012; Stromberg et al., 2015, 2016b) pre-
sented data for non-O157 EHEC. The top 6 EHEC prevalence
on pre-intervention cattle carcasses ranged from undetected to
4.0%; EHEC O111 and O121 were not detected.

Synthesis of results

Worldwide meta-analysis of fecal prevalence by outcome
classification and O gene
Pooled fecal prevalence estimates significantly differed among
regions worldwide for the top 6 serogroups, STEC, and EHEC
outcome classifications (Table 6). The worldwide serogroup
meta-analysis was comprised of 18 articles, representing 165 stud-
ies. Studies from four regions, Asia, Australia/Oceania, Europe,

and North America, were included in the analysis. Due to limited
data, South America was not included in the worldwide serogroup
meta-analysis. The estimated worldwide pooled non-O157 ser-
ogroup prevalence was 4.7% (95% confidence interval (CI) =
3.4–6.3%). Pooled fecal prevalence was highest for North
America (6.4%, 95% CI = 3.7–10.8%) with respect to the ser-
ogroup outcome classification. The most prevalent serogroup
reported worldwide was O103 (11.4%, 95% CI = 4.7–25.2%) fol-
lowed by O45 (7.9%, 95% CI = 3.2–18.1%), O26 (6.6%, 95% CI
= 4.2–10.4%), O121 (2.7%, 95% CI = 0.9–7.6%), O111 (1.6%,
95% CI = 0.8–2.9%), and O145 (1.3%, 95% CI = 0.5–3.6%). The
worldwide STEC fecal prevalence meta-analysis included 33 arti-
cles, representing 191 studies. The estimated worldwide STEC
pooled fecal prevalence was 0.7% (95% CI = 0.5–0.8%), with
Australia/Oceania (1.3%, 95% CI = 0.7–2.5%) yielding the highest
regional estimate worldwide. In this review, STEC O26 (1.0%,
95% CI = 0.7–1.4%) and STEC O103 (0.8%, 95% CI = 0.5–1.4%)
were the most frequently detected STEC globally. The global
prevalence estimates for STEC O45, STEC O111, STEC O121,
STEC O145 were 0.4 (95% CI = 0.2–0.8%), 0.4 (95% CI = 0.2–
0.5%), 0.7 (95% CI = 0.3–1.4%) and 0.7% (95% CI = 0.4–1.2%),
respectively. Worldwide EHEC pooled fecal prevalence estimates
were summarized from 40 articles, representing 369 studies.
The pooled EHEC fecal prevalence estimate was 1.0% (95% CI
= 0.8–1.1%) with the highest observed regions in this review
being Europe (1.3%, 95% CI = 1.0–1.7%) and North America
(1.2%, 95% CI = 0.9–1.5%). Globally, as noted in global STEC
prevalence, EHEC O26 (1.3%, 95% CI = 0.9–1.8%) and EHEC
0103 (1.4%, 95% CI = 1.0–2.1%) were the most prevalent.
Followed by EHEC O45 (0.9%, 95% CI = 0.5–1.8%), EHEC
O111 (0.9%, 95% CI = 0.6–1.4%), EHEC O121 (0.4%, 95% CI =
0.3–0.6%), EHEC O145 (0.9%, 95% CI = 0.6–1.3%). In the present
study, North America yielded the highest pooled fecal prevalence
estimates for the serogroup outcome, and second highest world-
wide for the STEC and EHEC outcomes – North America data
were further evaluated by O gene for each outcome classification
and by country. As there was evidence of between-study hetero-
geneity (I2 statistic) in this worldwide meta-analysis,
meta-regression analyses were conducted for all outcome classifi-
cations by key variables of interest.

North America meta-analysis of fecal prevalence by O gene
Overall, North American pooled fecal prevalence estimates were
6.4, 1.1, and 1.2% for the serogroup, STEC, and EHEC outcome

Table 3. (Continued.)

Variable
No.

articles References

Rectal grab 20 Agga et al. (2017)*, Baltasar et al. (2014), Barlow and Mellor (2010), Das et al. (2005), Ekiri et al. (2014), Hallewell et al.
(2016), Islam et al. (2008), Joris et al. (2013), Karama et al. (2008), Kobayashi et al. (2001), Mellor et al. (2016), Orden
et al. (2002), Sasaki et al. (2011, 2013a, 2013b), Shaw et al. (2004), Singh et al. (2015), Stromberg et al. (2016b), Thomas
et al. (2012), Thran et al. (2001)

Rectal swab 16 Agga et al. (2017)*, Cobbold and Desmarchelier (2000), Dargatz et al. (2013), Farah et al. (2007), Fernández et al. (2010),
Jaros et al. (2016), Joris et al. (2011), Kang et al. (2014), Lynch et al. (2012), Meichtri et al. (2004), Murphy et al. (2016),
Padola et al. (2004), Pearce et al. (2004), Schurman et al. (2000), Timm et al. (2007), Zschöck et al. (2000)

Cecal 2 Bonardi et al, (2005, 2007)

Unknown 9 Bai et al. (2012), Bibbal et al. (2015), Hornitzky et al. (2002), Jeon et al. (2006), Khan et al. (2002), Kijima-Tanaka et al.
(2005), Pradel et al. (2000), Shinagawa et al. (2000), Zweifel et al. (2005)

*Indicates article is present in more than one category within variable (e.g. time of harvest, cattle type, etc.).
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Table 4. Hide prevalence data extracted with key study characteristics

Author, year
Cattle
type

Region
(country) Sample description Laboratory methoda

Outcome
classification

Prevalence, %
(# positives/

total)

Chaves et al.
(2013)

Beef Central
America
(Hondurasb)

Swab from foreshank prior to
skinning; area not stated

PCR only (BAX®
System (DuPont
Qualicon)

EHEC O26 36.0 (11/30)

EHEC O45 31.0 (9/30)

EHEC O103 3.0 (1/30)

EHEC O111 0.0 (0/30)

EHEC O121 24.0 (7/30)

EHEC O145 6.0 (2/30)

Central
America
(Nicaraguab)

EHEC O26 47.0 (24/50)

EHEC O45 4.0 (2/50)

EHEC O103 1.0 (1/50)

EHEC O111 0.0 (0/50)

EHEC O121 46.0 (23/50)

EHEC O145 1.0 (1/50)

Midgley and
Desmarchelier
(2001)

Beef Australia 25 cm2 area swabbed at the
brisket prior to hide removal

Other (Colony
hybridization,
Microbact 12E (Oxoid)
kit, PFGE, latex
agglutination kits)

EHEC O26 4.0 (2/50)

EHEC O111 0.0 (0/50)

Monaghan et al.
(2012)

Beef Europe 100 cm2 area swabbed at the
rump immediately prior to hide
removal

Culture serogroup
O26

0.0 (0/450)

STEC O26 0.0 (0/450)

EHEC O26 0.0 (0/450)

Schneider et al.
(2018b)

Beef,
dairy

North
Americac

(Northern
USA)

1000 cm2 behind shoulder
(approximately 15 cm from
midline) after exsanguination
prior to hide removal

Other (NeoSeek™) EHEC O26 13.4 (49/365)

EHEC O45 53.2 (194/365)

EHEC O103 34.8 (127/365)

EHEC O111 13.7 (50/365)

EHEC O121 17.3 (63/365)

EHEC O145 17.5 (64/365)

North
Americac

(Southern
USA)

EHEC O26 20.3 (77/379)

EHEC O45 57.5 (218/379)

EHEC O103 35.9 (136/379)

EHEC O111 29.3 (111/379)

EHEC O121 18.2 (69/379)

EHEC O145 22.4 (85/379)

Stromberg et al.
(2015)

Beef North America
(Central USA)

1000 cm2 behind shoulder
(approximately 15 cm from
midline) after exsanguination,
immediately prior to hide wash
and removal (bacteriophage
for E. coli O157 was applied in
holding pens, cattle were
rinsed with H2O just after
stunning per routine plant
protocol)a

Other (NeoSeek™) EHEC O26 0.5 (3/576)

EHEC O45 39.4 (227/576)

EHEC O103 18.6 (107/576)

EHEC O111 2.3 (13/576)

EHEC O121 2.4 (14/576)

EHEC O145 49.0 (282/576)

Culture + IMS EHEC O26 0.4 (2/476d)

EHEC O45 0.0 (0/476d)

EHEC O103 0.0 (0/476d)

EHEC O111 0.0 (0/476d)
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classifications, respectively (Table 7). Serogroup-specific estimates
were estimated from eight articles including 73 studies. The most
prevalent serogroups reported were O103 (19.6%, 95% CI = 5.6–
50.2%) and O26 (15.1%, 95% CI = 4.1–42.7%) whereas the least

prevalent was O111 (1.0%, 95% CI = 0.2–5.8%). Estimates for
STEC fecal prevalence in North America were obtained from
eight articles, including 79 studies. Similar to the serogroup-
specific estimates, STEC O103 (1.6%, 95% CI = 0.7–3.7%) was

Table 4. (Continued.)

Author, year
Cattle
type

Region
(country) Sample description Laboratory methoda

Outcome
classification

Prevalence, %
(# positives/

total)

EHEC O121 0.0 (0/476d)

EHEC O145 0.2 (1/476d)

Stromberg et al.
(2016b)

Dairy North America
(Western USA)

1000 cm2 behind shoulder
(approximately 15 cm from
midline) after exsanguination,
immediately prior to hide wash
and removal (cattle were rinsed
with H2O just after stunning per
routine plant protocol)a

Other (NeoSeek™) EHEC O26 7.0 (7/100)

EHEC O45 36.0 (36/100)

EHEC O103 10.0 (10/100)

EHEC O111 15.0 (15/100)

EHEC O121 3.0 (3/100)

EHEC O145 23.0 (23/100)

Culture + IMS EHEC O26 5.0 (5/100)

EHEC O45 0.0 (0/100)

EHEC O103 0.0 (0/100)

EHEC O111 1.0 (1/100)

EHEC O121 1.0 (1/100)

EHEC O145 0.0 (0/100)

Svoboda et al.
(2013)

Beef North America
(USA)

100 cm2 area swabbed at each
the flank, brisket, and rump

Culture + IMS STEC O26 0.0 (0/27)

STEC O45 0.0 (0/27)

STEC O103 0.0 (0/27)

STEC O111 0.0 (0/27)

STEC O121 0.0 (0/27)

STEC O145 0.0 (0/27)

Thomas et al.
(2012)

Beef Europe
(Ireland)

100 cm2 area swabbed at the
brisket prior to hide removal

Culture + IMS serogroup
O26

6.0 (24/402)

serogroup
O111

0.0 (0/402)

serogroup
O103

27.1 (109/402)

serogroup
O145

2.5 (10/402)

STEC O26 0.3 (1/402)

STEC O111 0.0 (0/402)

STEC O103 0.3 (1/402)

STEC O145 0.0 (0/402)

EHEC O26 0.3 (1/402)

EHEC O111 0.0 (0/402)

EHEC O103 0.0 (0/402)

EHEC O145 0.0 (0/402)

aLaboratory methods presented in this table are how authors extracted and categorized data for analysis; for full laboratory method protocols used refer to the original manuscript
referenced. If category was ‘Other’, method of detection was stated in parenthesis.
bSample numerators and prevalence estimates were estimated from Fig. 1 (Chaves et al., 2013) to report estimates by region.
cSchneider et al. (2018b) data are also presented by season, for presentation purposes authors chose to present by region.
dThe sample denominator for Stromberg et al. (2015) differed between the Other (NeoSeek™) method and Culture + IMS methods extracted by 100, due to inadequate DNA for 100 samples
collected.
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Table 5. Carcass prevalence data extracted with key study characteristics

Author, year
Cattle
type

Region
(country) Laboratory method

Laboratory
methoda

Outcome
classification

Prevalence, %
(# positives/

total)

Stromberg
et al. (2015)

Beef North
America
(Central USA)

Sponge 1: 1000 cm2 brisket-short plate
region sponge
Sponge 2: 3000 cm2 lateral hock and
round rump regions area prior to the
first carcass wash (both sponges were
combined for each animal)

Other
(NeoSeek™)

EHEC O26 0.4 (2/576)

EHEC O45 1.4 (8/576)

EHEC O103 1.7 (10/576)

EHEC O111 0.0 (0/576)

EHEC O121 0.0 (0/576)

EHEC O145 1.9 (11/576)

Stromberg
et al. (2016b)

Dairy North
America
(Western
USA)

Sponge 1: 1000 cm2 brisket-short plate
region sponge
Sponge 2: 3000 cm2 lateral hock and
round rump regions area prior to the
first carcass wash (both sponges were
combined for each animal)

Other
(NeoSeek™)

EHEC O26 0.0 (0/100)

EHEC O45 0.0 (0/100)

EHEC O103 0.0 (0/100)

EHEC O111 0.0 (0/100)

EHEC O121 0.0 (0/100)

EHEC O145 0.0 (0/100)

Culture + IMS EHEC O26 3.0 (3/100)

EHEC O45 0.0 (0/100)

EHEC O103 4.0 (4/100)

EHEC O111 0.0 (0/100)

EHEC O121 0.0 (0/100)

EHEC O145 2.0 (2/100)

Svoboda
et al. (2013)

Beef North
America
(USA)

100 cm2 area swabbed at each the
flank, brisket, and rump, prior to
interventions immediately following
surface trimming

Culture + IMS serogroup O26 4.9 (10/203)

serogroup O45 13.8 (28/203)

serogroup
O103

11.8 (24/203)

serogroup
O111

0.0 (0/203)

serogroup
O121

10.8 (22/203)

serogroup
O145

1.5 (3/203)

Thomas et al.
(2012)

Beef Europe
(Ireland)

100 cm2 area swabbed on the right
brisket prior to evisceration

Culture + IMS serogroup O26 0.5 (2/402)

serogroup
O111

0.0 (0/402)

serogroup
O103

5.5 (22/402)

serogroup
O145

0.5 (2/402)

STEC O26 0.0 (0/402)

STEC O111 0.0 (0/402)

STEC O103 0.0 (0/402)

STEC O145 0.0 (0/402)

EHEC O26 0.0 (0/402)

EHEC O111 0.0 (0/402)

EHEC O103 0.0 (0/402)

EHEC O145 0.0 (0/402)

aLaboratory methods presented in this table are how authors extracted and categorized data for analysis; for full laboratory method protocols used refer to the original manuscript
referenced. If category was ‘Other’, method of detection was stated in parenthesis.
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the most prevalent O gene, whereas STEC O111 (0.6%, 95% CI =
0.3–1.3%) was the least prevalent. Meta-analysis for EHEC fecal
prevalence in North America included ten articles representing
170 studies. As observed for the serogroup and STEC outcome
classifications, fecal prevalence estimates remained highest for
EHEC O103 (2.8%, 95% CI = 1.6–4.9). The lowest fecal prevalence
estimate obtained was EHEC O121 (0.5%, 95% CI = 0.3–0.8%) in
North America. Heterogeneity among North American studies
were explored through meta-regression analyses for all outcomes
by key variables of interest: time of harvest, cattle type, laboratory
methods, and specimen type.

North America meta-analysis of fecal prevalence by country
To further explore fecal prevalence in North American cattle,
random-effects meta-analyses were conducted to obtain pooled
fecal prevalence estimates for the USA and Canada for each out-
come classification. Meta-analysis for serogroup fecal prevalence
in the USA and Canada included six and two articles representing
61 and 12 studies, respectively. Top 6 serogroup prevalence for the
USA and Canada were 4.8% (95% CI = 2.6–8.4%) and 9.4% (95%
CI = 1.7–38.8%), respectively. Fecal prevalence estimates for the
serogroup outcome classification did not significantly differ by
country (P = 0.40). Estimates obtained for STEC fecal prevalence
in the USA and Canada were extracted from six and two articles
representing 74 and five studies, respectively. Whereas, estimated
fecal prevalence for the top 6 STEC in pre- and peri-harvest cattle
was significantly higher (P < 0.05) in the USA (1.3%, 95% CI =
0.9–1.8%) compared to Canada (0.2%, 95% CI = 0.1–0.4%).
EHEC-specific estimates were estimated from eight and two arti-
cles representing 166 and four studies, from the USA and Canada,

respectively. As observed for STEC, fecal EHEC prevalence was
significantly (P < 0.05) higher in the USA (1.2%; 95% CI = 1.0–
1.6%) compared to Canada (0.1%; 95% CI = 0.0–0.3%).
Although there was evidence of between-study heterogeneity in
these models, due to the limited number of studies per country,
meta-regression analyses were not attempted for outcome classifi-
cations by country within North America.

Additional analysis

Meta-regression
Worldwide meta-regression analyses of fecal prevalence by outcome
classification. There was evidence of considerable between-study het-
erogeneity in the worldwide random-effects meta-analysis model,
based on the I2 statistic for all outcome classifications. Worldwide
serogroup uni-variable meta-regression analyses identified region,
time of harvest, cattle type, laboratory methods, and specimen
type as factors significantly (P < 0.10) contributing to between-study
heterogeneity of non-O157 serogroup fecal prevalence estimates in
cattle worldwide (Table 8). In the multi-variable model, region, cattle
type, laboratory methods, and specimen type were significant (P <
0.05) factors contributing to between-study heterogeneity of
non-O157 serogroup prevalence estimates in cattle worldwide. The
covariates included in the multi-variable meta-regression model
explain 42.1% (pseudo R2) of between-study heterogeneity in the
worldwide serogroup fecal prevalence meta-analysis.

Worldwide STEC uni-variable meta-regression models identi-
fied all factors (region, time of harvest, cattle type, and specimen
type) except laboratory methods to contribute significantly (P <
0.10) to between-study heterogeneity (Table 9). In the multi-

Table 6. Pooled serogroup, STEC, and EHEC fecal prevalence estimates by region obtained from random-effects meta-analysis models

Outcome Region No. articles No. studies Prevalence (95% CI), % Cochrane’s χ2 statistic (Q) P-value* I2 ,%

Serogroup Asia 2 49 5.2 (3.9–6.8) 160.90 ≤0.01 70.2

Australia/Oceania 2 13 1.7 (1.0–2.9) 51.57 ≤0.01 76.7

Europe 6 30 1.9 (0.9–4.3) 1548.88 ≤0.01 98.1

North America 8 73 6.4 (3.7–10.8) 14,311.99 ≤0.01 99.5

South Americaa 1 – – – – –

Worldwide 18 165 4.7 (3.4–6.3) 16,116.40 ≤0.01 99.0

STEC Asia 9 26 0.8 (0.5–1.1) 38.69 0.04 35.4

Australia/Oceania 2 14 1.3 (0.7–2.5) 11.42 0.58 0.0

Europe 9 42 0.4 (0.3–0.6) 157.83 ≤0.01 74.0

North America 8 79 1.1 (0.8–1.5) 321.09 ≤0.01 75.7

South America 5 30 0.3 (0.2–0.4) 31.17 0.36 7.0

Worldwide 33 191 0.7 (0.5–0.8) 675.82 ≤0.01 71.9

EHEC Asia 7 18 1.0 (0.6–1.5) 16.57 0.48 0.0

Australia/Oceania 3 17 0.3 (0.2–0.4) 9.94 0.87 0.0

Europe 16 140 1.3 (1.0–1.7) 362.17 ≤0.01 61.6

North America 10 170 1.2 (0.9–1.5) 1909.67 ≤0.01 91.2

South America 4 24 0.2 (0.1–0.4) 30.74 0.13 25.2

Worldwide 40 369 1.0 (0.8–1.1) 3142.84 ≤0.01 88.3

aOnly one article retrieved presented data at the serogroup level for South America; therefore, South America was excluded from the serogroup meta-analyses and meta-regression analyses.
*The P value presented demonstrates the statistical significance of heterogeneity using the Cochrane’s Q statistic method. The null hypothesis is there is ‘no heterogeneity’ with a χ2

distribution and n–1 degrees of freedom, where n is number of studies (Dohoo et al., 2009).
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variable meta-regression model, all factors except time of harvest
remained significant (P < 0.05) contributing to between-study
heterogeneity. This multi-variable model explained 36.9%
(pseudo R2) of the between-study heterogeneity of the STEC out-
come classification worldwide.

With respect to the EHEC classification, evidence of hetero-
geneity was identified between studies of all regions with the
exception of Asia and Australia/Oceania (I2 = 0.0%). All of the
factors were identified as contributing significantly (P < 0.10) to
between-study heterogeneity in the uni-variable meta-regression
analyses (Table 10). Region, cattle type, laboratory methods,
and specimen type remained as significant factors contributing
to between-study heterogeneity in the multi-variable model.
Covariates in the multi-variable meta-regression models
explained 44.3% (pseudo R2) of the between-study heterogeneity
for the EHEC outcome classification worldwide.

North America meta-regression analyses of fecal prevalence by
outcome classification. In the uni-variable meta-regression
model, cattle type, laboratory method, and specimen type signifi-
cantly (P < 0.10) contributed to the between-study heterogeneity
in the serogroup outcome classification for North America
(Table 11). Only laboratory method and specimen type remained
in the multi-variable meta-regression model as contributing sig-
nificantly (P < 0.05) to between-study heterogeneity. These cov-
ariate multi-variables explained 44.0% (pseudo R2) of
between-study heterogeneity in North American serogroup preva-
lence outcome.

For the STEC outcome classification, uni-variable meta-regres-
sion analyses identified time of harvest, cattle type, and specimen
type as variables contributing significantly (P < 0.10) to between-
study heterogeneity (Table 12). In the multivariable meta-regression,
time of harvest and cattle type remained significant (P < 0.05) and
accounted for 26.3% (pseudo R2) of between-study heterogeneity
in North American STEC prevalence outcome.

Time of harvest, cattle type, and laboratory methods were con-
tributing significantly (P < 0.10) to between-study heterogeneity
in uni-variable meta-regression analyses for EHEC fecal preva-
lence in North America (Table 13). However, time of harvest
and laboratory methods were the only variables significant (P <
0.05) in the multi-variable meta-regression accounting for
33.7% (pseudo R2) of between-study heterogeneity in North
America EHEC fecal prevalence outcome.

Risk of bias across studies

Asymmetry in the funnel plots for serogroup, STEC, and EHEC
outcomes, worldwide and in North America, indicated potential
publication bias was present (i.e. risk of bias across studies; data
not shown). Bias coefficients using the Egger’s test indicated
that small study effects were present in worldwide and North
America fecal prevalence meta-analyses. Bias coefficients
(P-values) for serogroup, STEC, and EHEC worldwide prevalence
outcomes were 0.53 (P = 0.54), −1.54 (P < 0.01), and −2.60 (P <
0.01), respectively. Similar to the worldwide meta-analysis, bias

Table 7. Pooled serogroup, STEC, and EHEC cattle fecal prevalence estimates in North America by O gene obtained from random-effects meta-analysis models

Outcome O gene No. articles No. studies Prevalence (95% CI), % Cochrane’s χ2 statistic (Q) P-value* I2, %

Serogroup O26 7 12 15.1 (4.1–42.7) 1973.34 ≤0.01 99.4

O45 7 12 10.2 (3.9–23.9) 881.71 ≤0.01 98.8

O103 8 13 19.6 (5.6–50.2) 4480.4 ≤0.01 99.7

O111 7 12 1.0 (0.2–5.8) 642.76 ≤0.01 98.3

O121 7 12 3.7 (1.1–11.6) 773.13 ≤0.01 98.6

O145 7 12 1.0 (0.3–4.2) 620.38 ≤0.01 98.2

Top 6 8 73 6.4 (3.7–10.8) 14,311.99 ≤0.01 99.5

STEC O26 6 14 1.1 (0.5–2.3) 31.50 ≤0.01 58.7

O45 4 12 0.7 (0.4–1.5) 8.42 0.67 0.0

O103 7 15 1.6 (0.7–3.7) 62.82 ≤0.01 77.7

O111 4 12 0.6 (0.3–1.3) 7.27 0.78 0.0

O121 6 14 1.3 (0.5–3.7) 99.61 ≤0.01 87.0

O145 4 12 1.4 (0.5–3.5) 51.64 ≤0.01 78.7

Top 6 8 79 1.1 (0.8–1.5) 321.09 ≤0.01 75.7

EHEC O26 7 28 0.8 (0.5–1.4) 311.23 ≤0.01 91.3

O45 7 28 1.7 (0.8–3.7) 447.01 ≤0.01 94.0

O103 9 27 2.8 (1.6–4.9) 194.76 ≤0.01 86.7

O111 8 29 1.4 (0.7–2.7) 218.38 ≤0.01 87.2

O121 8 29 0.5 (0.3–0.8) 123.33 ≤0.01 77.3

O145 8 29 1.0 (0.6–1.7) 254.52 ≤0.01 89.0

Top 6 10 170 1.2 (0.9–1.5) 1909.67 ≤0.01 91.2

*The P-value presented demonstrates the statistical significance of heterogeneity using the Cochrane’s Q statistic method. The null hypothesis states that there is ‘no heterogeneity’ with a χ2

distribution and n–1 degrees of freedom, where n is number of studies (Dohoo et al., 2009).
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coefficients (P-values) for North America fecal prevalence for ser-
ogroup, STEC, and EHEC outcomes were 1.93 (P = 0.31), −2.69
(P < 0.01), and −3.93 (P < 0.01), respectively, indicate the presence
of small study effects. Bias coefficients from the Egger test indicate
that fecal prevalence estimates from smaller studies were lower
than the fecal prevalence estimates from the larger studies for
STEC and EHEC outcomes, but not for the serogroup outcome
classification in both the worldwide and North America fecal
prevalence meta-analyses.

Discussion

Summary of evidence

Following a systematic review process, we identified 70 relevant
articles that met the risk of bias assessment on prevalence and
concentration of non-O157 STEC in different bovine matrices
worldwide and data were extracted. Most of the retrieved articles
in this review represented non-O157 STEC and EHEC preva-
lence data in cattle feces. Results from the worldwide
meta-analyses for non-O157 STEC (range = 0.3–1.3%) and
EHEC (range = 0.2–1.3%) fecal outcomes indicated that cattle

harbor and shed these organisms in regions across the globe at
relatively low frequencies. Although concentration data were
limited, when detected and reported in fecal and hide matrices,
STEC and EHEC concentrations were at high-shedding concen-
trations (≥104 CFU/gram or ≥104 CFU/cm2) albeit for a limited
number of cattle sampled. Likely, based on the limit of detection
of available diagnostic methods for quantification, we are better
at detecting samples with higher concentrations than those with
a lower load. This review included a single article reporting
quantification on pre-intervention carcasses, and there were no
top 6 serogroups detected. Although limited in this review, con-
centration data offer a crucial piece of information when evalu-
ating food safety risk along the beef continuum. In the literature,
it has been documented that even at extremely low concentra-
tions, fewer than ten cells, of pathogenic E. coli can induce
human illness (Hara-Kudo and Takatori, 2011) thus demon-
strating the pathogenicity of these organisms and their threat
to public health via the cattle reservoir.

The pooled fecal prevalence estimates from the worldwide
meta-analysis models significantly varied by region with
non-O157 serogroup, STEC, and EHEC estimates being the high-
est in North America. Further, top 6 STEC and EHEC estimates

Table 8. Uni-variable and multi-variable meta-regression models for non-O157 serogroup fecal prevalence in cattle worldwide

Variables No. articles No. studies

Uni-variable Multi-variable

Prevalence (95% CI), % P-value Prevalence (95% CI), % P-value

Regiona ≤0.01 ≤0.01

Asia 2 49 4.4 (2.5–7.8) Referent

Australia/Oceania 2 13 1.5 (0.2–9.0) 4.4 (0.1–80.9)

Europe 6 30 1.7 (0.4–7.4) 3.3 (0.0–79.1)

North America 8 73 5.5 (1.5–18.4) 69.4 (2.2–99.6)

Time of harvestb ≤0.01

Pre-harvest 12 132 5.3 (3.8–7.3)

Peri-harvest 6 33 1.0 (0.3–3.0)

Cattle typec ≤0.01 0.02

Beef and dairy 1 48 4.6 (2.6–8.0) Referent

Beef 12 86 3.7 (1.0–12.6) 0.0 (0.0–1.8)

Dairy 3 15 14.5 (2.9–48.7) 0.0 (0.0–2.7)

Unknown 3 16 0.6 (0.1–3.4) 0.1 (0.0–11.6)

Laboratory methodsd ≤0.01 ≤0.01

PCR only 2 24 0.9 (0.4–1.8) Referent

Culture 5 33 9.6 (1.8–38.2) 99.2 (25.6–99.8)

Culture + IMS 12 108 4.2 (0.9–17.6) 77.8 (9.7–99.1)

Specimen type 0.02 ≤0.01

Rectal swab 5 35 1.7 (0.9–3.3) Referent

Pen-floor 5 40 6.9 (1.5–26.4) 0.3 (0.0–7.7)

Rectal grab 5 24 4.5 (0.8–20.9) 1.8 (0.1–26.8)

Unknown 3 66 3.6 (0.8–14.6) 0.0 (0.0–1.8)

aSouth America was not included in these analyses as only one article presented data.
bTime of harvest was not significant (P-value < 0.05) in the multi-variable model.
cBeef and dairy cattle fecal prevalence were estimated and reported separately for each cattle type (Paddock et al., 2012).
dBai et al. reported fecal prevalence data using two methodologies categorized as Culture and Culture + IMS (Bai et al., 2012).
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of fecal prevalence were significantly greater in cattle in the USA
compared to Canada, thus demonstrating variation between
countries within the region. It is likely that prevalence estimates
will vary also between countries in other regions.

In this review, the most prevalent EHEC O group in North
American cattle feces was O103, which is the second most fre-
quently reported non-O157 O group associated with culture-
confirmed human STEC infections (15.6%) in the USA (CDC,
2018). Although we cannot directly attribute these clinical
human STEC infections to cattle feces or contaminated beef,
our data support cattle as a reservoir of these foodborne patho-
gens associated with human illness and demonstrate the poten-
tial threat of these non-O157 STEC of clinical importance to
public health and food safety. From this review, limited conclu-
sions can be drawn from hide and carcass results reported due to
the low number of articles retrieved and the large variation
between articles. Though peri-harvest hide and carcass preva-
lence and concentration data are the most crucial, as they are
the best indicators of the contamination burden before carcasses
are subjected to antimicrobial interventions at the harvest facil-
ity, these were the most limited data, regardless of the region

(Brichta-Harhay et al., 2008; Arthur et al., 2009; Stephens
et al., 2009).

Limitations of the body of literature

In this review, the main limitations when reviewing the body of
literature retrieved included lack of standardization of the case
definition, unclear numerator or denominators for prevalence,
unspecified study population, and a wide array of sample collec-
tion and laboratory methodologies employed. Firstly, there is no
clear and consistent case definition for STEC and EHEC reported
in the literature. Therefore, outcome classifications were categor-
ized by reviewers based on non-O157 O gene and virulence gene
profiles leading to our outcome classifications for serogroup,
STEC, and EHEC. Articles retrieved in the search included com-
bined estimates of ‘STEC’ or ‘non-O157 STEC’ which included O
groups not of interest or did not allow for data to be extracted by
O gene; as a result, these articles did not meet the risk of bias
assessment criteria and were excluded. Excluding these articles
may have biased our overall non-O157 STEC estimates obtained;
however, our objective was to obtain estimates of the most

Table 9. Uni-variable and multi-variable meta-regression models for non-O157 STEC fecal prevalence in cattle worldwide

Variables No. articles No. studies

Uni-variable Multi-variable

Prevalence (95% CI), % P-value Prevalence (95% CI), % P-value

Region ≤0.01 ≤0.01

Asia 7 26 0.6 (0.4–1.0) Referent

Australia/Oceania 3 14 1.3 (0.3–5.1) 1.2 (0.2–7.5)

Europe 16 42 0.4 (0.1–1.3) 0.3 (0.1–1.7)

North America 10 79 1.2 (0.4–3.5) 0.4 (0.1–2.3)

South America 4 30 0.2 (0.1–0.8) 0.1 (0.0–0.9)

Time of harvesta 0.05

Pre-harvest 23 149 0.8 (0.6–1.0)

Peri-harvest 10 42 0.5 (0.2–1.0)

Cattle typeb ≤0.01 ≤0.01

Beef and dairy 3 9 0.3 (0.1–0.8) Referent

Beef 17 126 1.0 (0.2–6.0) 0.7 (0.1–5.2)

Dairy 10 36 0.4 (0.1–2.5) 0.3 (0.0–2.3)

Unknown 5 20 0.3 (0.0–2.0) 0.3 (0.0–2.3)

Laboratory methodsa,c 0.10

PCR only 1 2 0.3 (0.1–1.8)

Culture 23 125 0.6 (0.0–18.0)

Culture + IMS 10 64 0.9 (0.0–25.4)

Specimen type ≤0.01 ≤0.01

Rectal swab 12 68 0.4 (0.3–0.5) Referent

Pen-floor 3 22 0.2 (0.1–0.6) 0.2 (0.0–1.2)

Rectal grab 13 81 1.6 (0.7–3.2) 0.9 (0.2–4.7)

Unknown 5 20 0.6 (0.2–1.6) 0.4 (0.1–2.6)

aTime of harvest and laboratory method variables were not significant (P value < 0.05) in the multi-variable model.
bTwo articles presented data for more than one cattle type. Kang et al. reported data on beef and dairy cattle separately (Kang et al., 2014) and Hornitzky et al. presented data for beef cattle
and a combination of dairy and beef cattle (Hornitzky et al., 2002).
cEkiri et al. (2014) reports data using two separate methods, categorized as Culture and Culture + IMS.
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prevalent O groups (or top 6), rather than other non-O157
groups. Conversely, in some articles, when researchers reported
serotypes, data were extracted for serogroup, STEC, and EHEC
by O gene rather than serotype.

During the risk of bias assessment, many articles were
excluded because a numerator or denominator was not reported
(criterion 5 in the risk of bias assessment) and crude prevalence
could not be calculated. In some instances, fecal samples from cat-
tle of different ages were combined into one estimate and we
could not identify a numerator and denominator for our popula-
tion age group of interest (i.e. adult cattle). Additionally, in some
cases, fecal samples from multiple ruminant species were com-
bined and the numerator and denominator for each species
could not be determined, thus values could not be extracted.
Although these articles contain information that may be relevant
to our research question, we could not distinguish and accurately
attribute it to our target population.

There are several methodologies utilized to sample, isolate, and
quantify STEC in cattle feces, hides, and carcasses. Sample collec-
tion methods and actual sample specimens collected varied
between studies, especially for fecal sampling. The types of fecal
specimen data extracted in this review included pen-floor, rectal
grab, rectal swab, cecal, and unreported. For the hide and carcass
matrices, samples were typically collected with sponges; however,
the surface area swabbed, stage of harvest, and media used were
not consistent among studies. Many laboratory detection methods
for isolation and quantification of STEC in these matrices exist. In
this review, we chose to exclude articles published before the year
2000 in an attempt to minimize the variability in laboratory meth-
ods and their corresponding sensitivity of detection.

Specifically, we wanted to incorporate studies that employed
an IMS step, as this procedure has improved the sensitivity of
culture-based methods (Chapman et al., 1994; Cernicchiaro
et al., 2013). However, the majority of articles relied on culture

Table 10. Uni-variable and multi-variable meta-regression models for non-O157 EHEC fecal prevalence in cattle worldwide

Variables No. articles No. studies

Uni-variable Multi-variable

Prevalence (95% CI), % P-value Prevalence (95% CI), % P-value

Region ≤0.01 ≤0.01

Asia 7 18 0.7 (0.3–1.4) Referent

Australia/Oceania 3 17 0.2 (0.0–1.5) 0.0 (0.0–0.4)

Europe 16 140 1.3 (0.2–5.6) 0.2 (0.0–4.1)

North America 10 170 1.3 (0.3–5.8) 0.1 (0.0–1.5)

South America 4 24 0.2 (0.0–1.0) 0.0 (0.0–1.2)

Time of harvesta ≤0.01

Pre-harvest 26 283 1.2 (1.0–1.4)

Peri-harvest 15 86 0.7 (0.4–1.2)

Cattle typeb ≤0.01 ≤0.01

Beef and dairy 5 17 0.4 (0.2–0.8) Referent

Beef 21 267 1.4 (0.3–6.7) 0.19 (0.0–5.5)

Dairy 12 59 0.8 (0.1–4.2) 0.11 (0.0–3.5)

Unknown 6 26 0.2 (0.0–1.2) 0.05 (0.0–1.4)

Laboratory methodsc ≤0.01 ≤0.01

PCR only 1 2 0.2 (0.0–1.4) Referent

Culture 19 91 0.3 (0.0–21.8) 0.8 (0.0–37.4)

Culture + IMS 17 161 1.1 (0.0–48.2) 1.4 (0.0–53.2)

Other 4 115 2.5 (0.0–68.7) 9.3 (0.1–88.8)

Specimen typed ≤0.01 ≤0.01

Rectal swab 11 63 0.6 (0.4–1.0) Referent

Cecal 2 8 0.4 (0.1–2.3) 0.1 (0.0–2.2)

Pen-floor 9 141 1.0 (0.4–2.4) 0.1 (0.0–1.8)

Rectal grab 15 136 1.8 (0.7–4.3) 0.3 (0.0–5.7)

Unknown 4 21 0.3 (0.1–1.0) 0.1 (0.0–2.0)

aTime of harvest was not significant (P-value < 0.05) in the multi-variable model and Midgley and Desmarchelier present EHEC fecal prevalence data for both pre-harvest and peri-harvest
times of harvest (Midgley and Desmarchelier, 2001).
bThree articles presented data for more than one cattle type category, two articles presented dairy for beef and dairy separately (Bibbal et al., 2015; Mellor et al., 2016) and one article
presented data for beef and dairy in combination, and for dairy and beef cattle types separately.
cStromberg et al. presented prevalence estimates from two different methodologies, categorized as Culture and Culture + IMS (Stromberg et al., 2016b).
dTwo specimen types, Rectal swab and Rectal grab, were collected and prevalence estimates reported separately in Agga et al. (2017).
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Table 11. Uni-variable and multi-variable meta-regression models for non-O157 serogroup cattle fecal prevalence in North America

Variables No. articles No. studies

Uni-variable Multi-variable

Prevalence (95% CI), % P-value Prevalence (95% CI), % P-value

Time of harvesta 0.18

Pre-harvest 7 67 5.9 (3.3–10.3)

Peri-harvest 1 6 1.5 (0.1–18.0)

Cattle typea,b 0.08

Unknown 1 6 1.5 (0.2–9.5)

Beef 6 60 4.9 (0.1–73.5)

Dairy 2 7 23.3 (0.3–96.8)

Laboratory methodsc ≤0.01 ≤0.01

PCR only 2 24 0.9 (0.4–1.9) Referent

Culture 3 19 22.4 (3.4–70.3) 14.1 (1.1–71.5)

Culture + IMS 4 30 9.1 (1.4–41.8) 3.5 (0.3–33.8)

Specimen type ≤0.01 ≤0.01

Rectal swab 1 18 0.7 (0.3–1.8) Referent

Pen-floor 4 36 8.6 (1.0–46.0) 1.5 (0.1–18.1)

Rectal grab 2 7 46.4 (4.7–93.8) 12.1 (0.5–79.5)

Unknown 1 12 5.6 (0.4–45.0) 0.6 (0.0–11.6)

aAll variables were subjected to a uni-variable screen and significant variables (P < 0.1) were evaluated in a backward stepwise multi-variable model. Variables not significant at P < 0.05 were
removed from the multi-variable model.
bData for two cattle types, beef and dairy, were extracted independently for one article (Paddock et al., 2012).
cBai et al. presented prevalence estimates from two different methodologies, categorized as Culture and Culture + IMS (Bai et al., 2012).

Table 12. Uni-variable and multi-variable meta-regression models for non-O157 STEC cattle fecal prevalence in North America

Variables No. articles No. studies

Uni-variable Multi-variable

Prevalence (95% CI), % P-value Prevalence (95% CI), % P-value

Time of harvest ≤0.01 ≤0.01

Pre-harvest 6 74 1.4 (1.0–1.9) Referent

Peri-harvest 2 5 0.2 (0.0–0.9) 0.0 (0.0–0.3)

Cattle type 0.07 0.02

Beef and dairy 1 6 0.3 (0.1–1.0) Referent

Beef 5 71 1.3 (0.1–16.3) 1.6 (0.1–17.7)

Dairy 2 2 0.8 (0.0–27.6) 0.8 (0.0–23.8)

Laboratory methodsa,b 0.14

PCR only 1 2 0.3 (0.0–1.9)

Culture 6 41 1.0 (0.0–31.7)

Culture + IMS 2 36 1.5 (0.0–42.6)

Specimen typea ≤0.01

Rectal swab 1 3 0.1 (0.0–0.5)

Pen-floor 2 18 0.3 (0.0–4.3)

Rectal grab 5 58 2.2 (0.2–23.1)

aAll variables were subjected to a uni-variable screen and significant variables (P < 0.1) were evaluated in a backward stepwise multi-variable model. Variables not significant at P < 0.05 were
removed from the multi-variable model.
bBai et al. presented prevalence estimates from two different methodologies, categorized as Culture and Culture + IMS (Bai et al., 2012).
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and/or molecular testing, and only 25 of the 57 articles included
in the worldwide fecal prevalence meta-analysis reported using
IMS. Additionally, whereas IMS has demonstrated an increased
sensitivity, available culture methods are not equivalent in
terms of detection, hence broadly categorizing laboratory meth-
ods as done in this study may contribute to the heterogeneity
observed (Stromberg et al., 2016a). Nevertheless, publication
year did not necessarily reflect study year as some of the studies
published in early 2000 were conducted in mid or late 1990s,
and as such, some of their diagnostic protocols are not compar-
able to the ones currently used. We did not correct for these
anomalies, but we did categorize laboratory methodology to
account for the different methods employed the best way we
could while still attempting to deduce any methodological dif-
ferences. The variability in methodology for sample collection
and laboratory testing creates challenges when trying to com-
pare prevalence estimates retrieved from studies worldwide.
For example, in this review, articles where researchers reported
the utilization of detection methods considered standard (e.g.
culture, IMS, and PCR), the top 6 EHEC prevalence on peri-
harvest cattle hides ranged from undetected to 5.0% (Thomas
et al., 2012; Stromberg et al., 2015, 2016b). Articles reporting
the use of more recent technology, such as the BAX® System
(DuPont Qualicon, Wilmington, DE, USA) or NeoSeek™
STEC detection and identification test (Neogen, Lansing, MI,
USA), reported a wider range (undetected to 57.6%) of top 6
EHEC peri-harvest cattle hide prevalence (Chaves et al., 2013;
Stromberg et al., 2015, 2016b; Schneider et al., 2018b). In this
review, top 6 EHEC hide prevalence estimates seem to be highly
variable and numerically higher compared to the other outcome

classifications (i.e. serogroup and STEC), which may be due to
the laboratory methodologies used to obtain these estimates.
For example, in two articles (Stromberg et al., 2015, 2016b)
where researchers compared two laboratory methodologies –
‘Other (NeoSeek™)’ and ‘culture + IMS’ – prevalence estimates
for the top 6 EHEC ranged from undetected to 5.0% and 0.5 to
49.0% for ‘culture + IMS’ and ‘Other (NeoSeek™)’, respectively.
Whereas data were reported descriptively for hide prevalence,
the variability between these two methodologies (i.e. ‘culture
+ IMS’ and ‘Other (NeoSeek™)) is clear as they yield very dif-
ferent prevalence estimates when testing the same samples. Due
to the numerous detection methods reported in the 70 articles
retrieved, at the sacrifice of losing methodological details that
may explain the variability in prevalence estimates and
between-study heterogeneity observed, laboratory methodolo-
gies employed had to be broadly categorized for analysis.
Therefore, when trying to evaluate laboratory methodologies
employed as a potential variable contributing to between-study
heterogeneity, categorization of these methods into wider cat-
egories such as culture, culture + IMS, PCR only, or other, likely
oversimplified the complexities of the laboratory methodology
employed. In this review, we found that the type of laboratory
methods significantly explained some of the between-study het-
erogeneity in uni-variable and multi-variable meta-regression
models for the top 6 fecal EHEC. Because apparent prevalence
estimates are directly impacted by the accuracy of the detection
protocols used, the estimates of the present analysis may be
biased; however, given the diversity of detection protocols
employed and their different accuracy, it will be difficult to pre-
dict the directionality of the potential bias. Sources of between-

Table 13. Uni-variable and multi-variable meta-regression models for non-O157 EHEC cattle fecal prevalence in North America

Variables No. articles No. studies

Uni-variable Multi-variable

Prevalence (95% CI), % P-value Prevalence (95% CI), % P-value

Time of harvest 0.04 0.03

Pre-harvest 7 144 1.1 (0.8–1.5) Referent

Peri-harvest 3 26 2.3 (0.9–5.7) 0.2 (0.0–2.5)

Cattle typea 0.06

Beef and dairy 1 6 0.2 (0.1–1.0)

Beef 7 151 1.3 (0.1–21.3)

Dairy 2 13 1.9 (0.1–33.4)

Laboratory methodsb ≤0.01 ≤0.01

PCR only 1 2 0.2 (0.0–1.3) Referent

Culture 4 27 0.4 (0.0–24.5) 0.4 (0.0–26.8)

Culture + IMS 3 30 0.4 (0.0–23.0) 0.3 (0.0–23.0)

Other 3 111 2.6 (0.0–67.6) 2.3 (0.0–67.0)

Specimen typea,cb 0.22

Rectal swab 1 6 3.7 (1.1–12.3)

Pen-floor 5 125 1.2 (0.1–14.2)

Rectal grab 5 39 1.2 (0.1–15.1)

aAll variables were subjected to a uni-variable screen and significant variables (P < 0.1) were evaluated in a backward stepwise multi-variable model. Variables not significant at P < 0.05 were
removed from the multi-variable model.
bStromberg et al. presented prevalence estimates from two different methodologies, categorized as Culture and Culture + IMS (Stromberg et al., 2016b).
cTwo specimen types, Rectal swab and Rectal grab, were collected and prevalence estimates reported separately in Agga et al. (2017).
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study heterogeneity were not evaluated for hide and carcass
prevalence data.

Limitations of the review

Key limitations of this study include only peer-reviewed literature
was considered, limited data used to populate some analyses may
not yield reliable estimates, unexplained heterogeneity remains in
our models, and several forms of bias are plausible. Non-primary
research (literature reviews, short communications, abstract-only,
conference proceedings), non-peer reviewed, and gray literature
were not included in this systematic review. In addition to elec-
tronic databases, we hand searched reference lists of peer-
reviewed papers and 17 articles were identified in the hand search
that were not found in the electronic search. By limiting this
review to only consider peer-reviewed literature, we were not
able to include data that were not yet published at the time of
our search (March 2019) but were pertinent to our research ques-
tion such as Cernicchiaro et al. (2020) and other studies discussed
internally and/or at conferences but not yet published. While this
limited our sample size of eligible articles, the articles that were
included in this review underwent a rigorous peer-review process
and are more likely representative of final, accurate estimates,
which may or may not be the case for preliminary data shared
at conferences. Additional concerns with the inclusion of non-
primary research, non-peer reviewed, and gray literature would
be the possibility of including redundant estimates from research
that was presented at a conference and later published. If our
hypothesis is accurate, that the inclusion of gray literature leads
to overrepresentation/repetition of certain data, our model esti-
mates likely would not change, but the measures of variability
(e.g. standard errors, confidence intervals) may be smaller; how-
ever, these values would be artifactual (given by a larger number
of studies being represented in the data).

In total, 70 articles were retrieved worldwide; however, when
considering articles by outcome classification, across three matri-
ces, and by region, data were especially limited for some subgroup
analyses. Due to the small number of studies included in some of
the subgroup analyses and meta-regression models, estimates
should be interpreted with caution (Higgins and Thompson,
2004; Higgins et al., 2019). Similarly, very few articles reported
model-adjusted prevalence estimates after accounting for the hier-
archical structure of the data or the study design features. Except
those cases, the precision of the estimates may be underestimated.
To avoid such methodological differences, only raw data were
extracted as well as sole information from the respective organiza-
tional level (e.g. sample-level). Additionally, given the structure of
our dataset, there is also a hierarchical structure to consider: we
have extracted data from studies nested within articles, and arti-
cles within region for each matrix and outcome. Whereas a multi-
level (three-level meta-analysis) model would likely not have a
large impact on the coefficients we obtained, the standard errors
associated with the estimates would be smaller as the hierarchy
and correlation of studies within articles would be accounted
for. As region, considered an important source of variability,
was accounted for in subgroup analysis and, given the scarcity
of articles retrieved for analysis, we chose to fit a simpler, more
parsimonious model acknowledging our standard errors may be
underestimated for the fecal prevalence estimates obtained.

The most significant and novel aspect of this review was the
exploration of sources of between-study heterogeneity of ser-
ogroup, STEC, and EHEC fecal prevalence estimates on a global

scale. For the worldwide meta-analysis, between-study heterogen-
eity was evaluated for key variables of interest. Cattle type, speci-
men type, and region were all significant variables in
multi-variable meta-regressions for serogroup, STEC, and
EHEC outcome classifications for global fecal prevalence (P≤
0.05). It is likely that the differences in animal and farm manage-
ment and production systems among different regions contribu-
ted to the between-study heterogeneity. Although the exact
management/production systems were not directly reported and
extracted, we classified the study population by type (beef or
dairy) to attempt to measure these differences. Eight articles pre-
sented estimates for beef and dairy combined, whereas in another
eight articles we could not determine if they were beef and/or
dairy cattle. This lack of separation between cattle production
type for 16 articles may have limited the ability to detect potential
management and production system differences, if present, for
beef and dairy cattle in this review. In addition, we grouped the
extracted fecal prevalence data into geographical regions to min-
imize variability and account for regional differences in produc-
tion systems. Although reasons for combining estimates within
region are intuitive, analyses of North America demonstrated sig-
nificant differences in observed STEC and EHEC fecal prevalence
estimates between the USA and Canada. In addition to North
America, four other regions were included in the worldwide ana-
lysis, with the following countries within each region: Asia
(Bangladesh, India, Japan, Korea, South Korea), Australia/
Oceania (Australia, New Zealand), Europe (Belgium, France,
Germany, Ireland, Italy, Scotland, Spain, Switzerland), and
South America (Argentina and Brazil). Therefore, by combining
estimates within region, we may have masked some local differ-
ences, of unknown sources, that are present in the real-world.
Although North America was the only region further explored,
it is plausible countries within other regions in this review
could also be significantly different in terms of apparent
prevalence.

Variables, in addition to region, such as specimen type, labora-
tory method and time of harvest, explained some of the between-
study heterogeneity observed in global and North American fecal
prevalence meta-analyses. However, additional factors and their
potential interactions may further explain the observed variability
among studies and prevalence estimates. Season, age, and diet are
factors that are known to influence E. coli O157 fecal shedding in
cattle and have been well-established in peer-reviewed literature
(Barkocy-Gallagher et al., 2003; Edrington et al., 2006; Callaway
et al., 2009; Ekiri et al., 2014). Whereas the seasonality of the
top 6 has been recently evaluated (Ekiri et al., 2014; Dewsbury
et al., 2015; Schneider et al., 2018a), the limited number of studies
precluded us from evaluating season in this review. Recently, our
group (Cernicchiaro et al., 2020) published a study evaluating
associations between season, processing plants, and hide cleanli-
ness scores with prevalence and concentration on beef cattle
hides in the USA for non-O157 STEC. This research demon-
strated the seasonality of non-O157 STEC, by O group, as well
as differences observed between plants and with quantification
data on cattle hides presented. Unfortunately, this study was pub-
lished after our search was conducted and therefore was not eli-
gible to be included in this review. Though these newly
published data are extremely valuable, data remain limited to
comprehensively assess all potential pertinent risk factors and
potential underlying complex interactions for shedding as well
as synthesizing estimates for hide and carcass prevalence and
concentration.
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Overall, heterogeneity in this study could not be attributed to a
particular source of bias. In addition to publication bias, many
other sources of selection bias such as those associated with geo-
graphic region could be present, along with differences in study
quality and design, true heterogeneity, and chance (Egger et al.,
1997; Sterne et al., 2000, 2011; Chan et al., 2004; Higgins et al.,
2019; O’Connor et al., 2014). It is possible that empirical data pro-
duced in certain geographical locations are published in local
reporting systems or journals in the native language rather than
in international journals. Becuase articles written in languages
other than English were excluded, there is potential for language
bias as valuable data available in other languages would have been
missed. In summary, we attempted to control for internal and
external validity factors that could have biased our estimates dur-
ing the risk of bias assessment step and acknowledge other limita-
tions previously discussed which could potentially lead to bias.

Conclusions

This study, the first of its kind, gathered and synthesized estimates
of prevalence and concentration of top 6 non-O157 serogroup,
STEC, and EHEC in fecal, hide, and carcass samples from pre-
and peri-harvest cattle from countries across the globe.
Furthermore, this study identified important knowledge gaps in
published literature for hide and carcass prevalence data, in add-
ition to concentration data for all matrices. Peri-harvest hide and
carcass prevalence and concentration data – arguably the most
important data for mitigating beef adulteration – were the most
limited. In addition to summarizing measures of pathogen fre-
quency and concentration, this study identified some of the fac-
tors responsible for between-study heterogeneity, such as region,
cattle type, and specimen type, for cattle fecal prevalence world-
wide. Although this review summarizes all relevant data currently
available, future research is needed to obtain additional hide and
carcass prevalence data as well as quantification of these patho-
gens in all matrices of interest. The synthesized estimates of
prevalence from this review could be integrated into a quantitative
microbial risk assessment model to assess the potential risks
attributable to non-O157 STEC in the beef chain. Similarly, this
evidence is highly valued in expert panels such as the ones con-
vened by the Food and Agriculture Organization of the United
Nations, the World Health Organization, as well as the Codex
Alimentarius Commission when developing guidelines on various
food safety topics (e.g. Microbiological Risk Assessment Series).

With robust estimates of frequency and quantity of these food-
borne pathogens in these cattle matrices, we could better identify
primary targets for pre- and peri-harvest intervention methods to
optimize STEC mitigation strategies to reduce adulteration of beef
products worldwide.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S1466252321000153.

Protocol. The initial study protocol for this project is not publicly accessible.

Availability of data, code, and other supplementary materials. The
supplementary material containing the causal diagram can be found in
Appendix A. The supplementary material containing the methodology and
results for the outlier and influential diagnostics performed for this study
can be found in Appendix B with the attached annotated R code and datafile.

Acknowledgments. The authors thank Monica Anderson for help with
retrieving full-text articles.

Author contributions. DD was the graduate student responsible for the
study with direct oversight by NC, conducted all steps of the research under
her guidance, performed the data analysis, and drafted the manuscript. NC
was responsible for obtaining funding, identifying the research team, providing
a protocol, training graduate student (DD), directly involved in all method-
ology, reviewed the data analysis, assisted with the interpretation of results,
and manuscript preparation. MS contributed intellectual input throughout
the systematic review process, directly involved with the risk of bias assessment
and the data extraction processes, and provided input on manuscript drafts.
AD contributed extensively to R coding, data analysis, and manuscript prep-
aration. PE contributed to the risk of bias assessment, data extraction template,
and provided input on manuscript drafts. All co-authors have read and
approved the final manuscript draft.

Financial support. This project was supported by the Agriculture and Food
Research Initiative Grant No. 2012-68003-30155 from the USDA National
Institute of Food and Agriculture, Prevention, Detection and Control of
Shiga Toxin-Producing Escherichia coli (STEC) from Pre-Harvest Through
Consumption of Beef Products Program–A4101, and the College of
Veterinary Medicine, at Kansas State University.

Conflict of interest. No competing financial interests or conflicts exist for
any of the authors.

References

Adamu MS, Ugochukwu ICI, Idoko SI, Kwabugge YA, Abubakar NS and
Ameh JA (2018) Virulent gene profile and antibiotic susceptibility pattern
of Shiga toxin-producing Escherichia coli (STEC) from cattle and camels in
Maiduguri, North-Eastern Nigeria. Tropical Animal Health and Production
50, 1327–1341.

Agga GE, Arthur TM, Hinkley S and Bosilevac JM (2017) Evaluation of rec-
toanal mucosal swab sampling for molecular detection of enterohemorrha-
gic Escherichia coli in beef cattle. Journal of Food Protection 80, 661–667.

Arthur TM, Keen JE, Bosilevac JM, Brichta-Harhay DM, Kalchayanand N,
Shackelford SD, Wheeler TL, Nou X and Koohmaraie M (2009)
Longitudinal study of Escherichia coli O157:H7 in a beef cattle feedlot
and role of high-level shedders in hide contamination. Applied and
Environmental Microbiology 75, 6515–6523.

Bai J, Paddock ZD, Shi X, Li S, An B and Nagaraja TG (2012) Applicability
of a multiplex PCR to detect the seven major Shiga toxin-producing
Escherichia coli based on genes that code for serogroup-specific
O-antigens and major virulence factors in cattle feces. Foodborne
Pathogens and Disease 9, 541–548.

Balduzzi S, Rücker G and Schwarzer G (2019) How to perform a
meta-analysis with R: a practical tutorial. Evidence-Based Mental Health
22, 153–160.

Baltasar P, Milton S, Swecker W Jr, Elvinger F and Ponder M (2014) Shiga
toxin-producing Escherichia coli distribution and characterization in a
pasture-based cow-calf production system. Journal of Food Protection 77,
722–731.

Barkocy-Gallagher GA, Arthur TM, Rivera-Betancourt M, Nou X,
Shackelford SD, Wheeler TL and Koohmaraie M (2003) Seasonal preva-
lence of Shiga toxin-producing Escherichia coli, including O157:H7 and
non-O157 serotypes, and Salmonella in commercial beef processing plants.
Journal of Food Protection 66, 1978–1986.

Barlow RS and Mellor GE (2010) Prevalence of enterohemorrhagic
Escherichia coli serotypes in Australian beef cattle. Foodborne Pathogens
and Disease 7, 1239–1245.

Bettelheim KA (2000). Role of non-O157 VTEC. Journal of Applied
Microbiology Symposium Supplement 88, 38S–50S. doi: 10.1111/
j.1365-2672.2000.tb05331.x

Bibbal D, Loukiadis E, Kérourédan M, Ferré F, Dilasser F, Peytavin de Garam
C, Cartier P, Oswald E, Gay E, Auvray F and Brugère H (2015) Prevalence
of carriage of Shiga toxin-producing Escherichia coli serotypes O157:H7, O26:
H11, O103:H2, O111:H8, and O145:H28 among slaughtered adult cattle in
France. Applied and Environmental Microbiology 81, 1397–1405.

Animal Health Research Reviews 21

https://doi.org/10.1017/S1466252321000153 Published online by Cambridge University Press

https://doi.org/10.1017/S1466252321000153
https://doi.org/10.1017/S1466252321000153
https://doi.org/10.1017/S1466252321000153


Bolton DJ, Ennis C and McDowell D (2014) Occurrence, virulence genes and
antibiotic resistance of enteropathogenic Escherichia coli (EPEC) from
twelve bovine farms in the north-east of Ireland. Zoonoses and Public
Health 61, 149–156.

Bonardi S, Chiapponi C, Bacci C, Paris A and Salsi A (2005) Non-O157:H7
verocytotoxin-producing Escherichia coli isolated from cattle at slaughter in
Northern Italy. Annali della Facoltà di Medicina Veterinaria. Università di
Parma 25, 181–190.

Bonardi S, Foni E, Chiapponi C, Salsi A and Brindani F (2007) Detection of
verocytotoxin-producing Escherichia coli serogroups 0157 and 026 in the
cecal content and lymphatic tissue of cattle at slaughter in Italy. Journal
of Food Protection 70, 1493–1497.

Brichta-Harhay DM, Guerini MN, Arthur TM, Bosilevac JM, Kalchayanand
N, Shackelford SD, Wheeler TL and Koohmaraie M (2008) Salmonella
and Escherichia coli O157:H7 contamination on hides and carcasses of
cull cattle presented for slaughter in the United States: an evaluation of
prevalence and bacterial loads by immunomagnetic separation and direct
plating methods. Applied and Environmental Microbiology 74, 6289–6297.

Callaway TR, Carr MA, Edrington TS, Anderson RC and Nisbet DJ (2009)
Diet, Escherichia coli O157:H7, and cattle: a review after 10 years. Current
Issues in Molecular Biology 11, 67–79.

Caprioli A, Morabito S, Brugère H and Oswald E (2005)
Enterehaemorrhagic Escherichia coli: emerging issues on virulence and
modes of transmission. Veterinary Research 36, 289–311.

Centers for Disease Control and Prevention (CDC) (2016) Escherichia coli
(E. coli). Available at https://www.cdc.gov/ecoli/pdfs/cdc-e.-coli-factsheet.
pdf (accessed August 6, 2021).

Centers for Disease Control and Prevention (CDC) (2018) National Shiga
toxin-producing Escherichia coli (STEC) Surveillance Annual Report, 2016.
Atlanta, Georgia: US Department of Health and Human Services, CDC.

Cernicchiaro N, Cull CA, Paddock ZD, Shi X, Bai J, Nagaraja TG and
Renter DG (2013) Prevalence of Shiga toxin-producing Escherichia coli
and associated virulence genes in feces of commercial feedlot cattle.
Foodborne Pathogens and Disease 10, 835–841.

Cernicchiaro N, Oliveira ARS, Hoehn A, Noll LW, Shridhar PB, Nagaraja
TG, Ives SE, Renter DG and Sanderson MW (2020) Associations between
season, processing plant, and hide cleanliness scores with prevalence and
concentration of major Shiga toxin-producing Escherichia coli on beef cattle
hides. Foodborne Pathogens and Disease 17, 611–619.

Chan AW, Hróbjartsson A, Haahr MT, Gøtzsche PC and Altman DG (2004)
Empirical evidence for selective reporting of outcomes in randomized trials:
comparison of protocols to published articles. Journal of the American
Medical Association 291, 2457–2465.

Chapman PA, Wright DJ and Siddons CA (1994) A comparison of immu-
nomagnetic separation and direct culture for the isolation of verocytotoxin-
producing Escherichia coli O157 from bovine faeces. Journal of Medical
Microbiology 40, 424–427.

Chaves BD, Miller MF, Maradiaga M, Calle MA, Thompson L, Jackson SP,
Jackson T, Garcia LG, Echeverry A, Ruiz H and Brashears MM (2013)
Evaluation of process control to prevent contamination of beef with
non-0157 Shiga toxin-producing Escherichia coli (STEC) in U.S. Export
abattoirs in Honduras and Nicaragua. Food Protection Trends 33, 224–230.

Cobbold R and Desmarchelier P (2000) A longitudinal study of
Shiga-toxigenic Escherichia coli (STEC) prevalence in three Australian
dairy herds. Veterinary Microbiology 71, 125–137.

Cull CA, Renter DG, Dewsbury DM, Noll LW, Shridhar PB, Ives SE,
Nagaraja TG and Cernicchiaro NC (2017) Feedlot- and pen-level preva-
lence of enterohemorrhagic Escherichia coli in feces of commercial feedlot
cattle in two major US cattle feeding areas. Foodborne Pathogens and
Disease 14, 309–317.

Dargatz DA, Bai J, Lubbers BV, Kopral CA, An B and Anderson GA (2013)
Prevalence of Escherichia coli O-types and Shiga toxin genes in fecal sam-
ples from feedlot cattle. Foodborne Pathogens and Disease 10, 392–396.

Das SC, Khan A, Panja P, Datta S, Sikdar A, Yamasaki S, Takeda Y,
Bhattacharya SK, Ramamurthy T and Nair GB (2005) Dairy farm inves-
tigation on Shiga toxin-producing Escherichia coli (STEC) in Kolkata, India
with emphasis on molecular characterization. Epidemiology & Infection 133,
617–626.

DerSimonian R and Laird N (1986) Meta-analysis in clinical trials. Controlled
Clinical Trials 7, 177–188.

Dewsbury DM, Renter DG, Shridhar PB, Noll LW, Shi X, Nagaraja TG and
Cernicchiaro NC (2015) Summer and winter prevalence of Shiga toxin-
producing Escherichia coli (STEC) O26, O45, O103, O111, O121, O145, and
O157 in feces of feedlot cattle. Foodborne Pathogens and Disease 12, 726–732.

Dohoo I, Martin W and Stryhn H (2009) Veterinary Epidemiologic Research,
2nd Edn. Charlottetown, Prince Edward Island, Canada: VER Inc.

Edrington TS, Callaway TR, Ives SE, Engler MJ, Looper ML, Anderson RC
and Nisbet DJ (2006) Seasonal shedding of Escherichia coli O157:H7 in
ruminants: a new hypothesis. Foodborne Pathogens and Disease 3, 413–421.

Egger M, Smith GD, Schneider M and Minder C (1997) Bias in
meta-analysis detected by a simple, graphical test. British Medical Journal
315, 629–634.

Ekiri AB, Landblom D, Doetkott D, Olet S, Shelver WL and Khaitsa ML
(2014) Isolation and characterization of Shiga toxin-producing Escherichia
coli serogroups O26, O45, O103, O111, O113, O121, O145, and O157
shed from range and feedlot cattle from postweaning to slaughter.
Journal of Food Protection 77, 1052–1061.

Ekong PS, Sanderson MW and Cernicchiaro N (2015) Prevalence and con-
centration of Escherichia coli O157 in different seasons and cattle types pro-
cessed in North America: a systematic review and meta-analysis of
published literature. Preventive Veterinary Medicine 121, 74–85.

El-Gamal AM and El-Bahi EF (2016) Molecular characterization of rectal car-
riage of E. coli O157: H7 and Salmonella spp. in feedlot animals and its
effects on carcasses contamination. Alexandria Journal of Veterinary
Sciences 48, 42–49.

FAO and WHO (2019) Attributing illness caused by Shiga toxin-producing
Escherichia coli (STEC) to specific foods. Microbiological Risk
Assessment Series No. 32. Rome. 74 pp. License: CC BY-NC-SA 3.0 IGO.

Farah SM, de Souza EM, Pedrosa FO, Irino K, da Silva LR, Rigo LU,
Steffens MB, Pigatto CP and Fadel-Picheth CM (2007) Phenotypic and
genotypic traits of Shiga toxin-producing Escherichia coli strains isolated
from beef cattle from Paraná State, southern Brazil. Letters in Applied
Microbiology 44, 607–612.

Fernández D, Irino K, Sanz ME, Padola NL and Parma AE (2010)
Characterization of Shiga toxin-producing Escherichia coli isolated from
dairy cows in Argentina. Letters in Applied Microbiology 51, 377–382.

Fox JT, Renter DG, Sanderson MW, Nutsch AL, Shi X and Nagaraja TG
(2008) Associations between the presence and magnitude of Escherichia
coli O157 in feces at harvest and contamination of preintervention beef car-
casses. Journal of Food Protection 71, 1761–1767.

Hallewell J, Reuter T, Stanford K, Topp E and Alexander TW (2016)
Monitoring seven potentially pathogenic Escherichia coli serogroups in a
closed herd of beef cattle from weaning to finishing phases. Foodborne
Pathogens and Disease 13, 661–667.

Hara-Kudo Y and Takatori K (2011) Contamination level and ingestion dose
of foodborne pathogens associated with infections. Epidemiology and
Infection 139, 1505–1510.

Higgins JPT and Thompson SG (2004) Controlling the risk of spurious find-
ings from meta-regression. Statistics in Medicine 23, 1663–1682.

Higgins JPT, Thomas J, Chandler J, Cumpston M, Li T, Page MJ, Welch VA
(editors). Cochrane handbook for systematic reviews of interventions
version 6.0 (updated July 2019). Cochrane, 2019. Available at www.train-
ing.cochrane.org/handbook (accessed February 13, 2020).

Hornitzky MA, Vanselow BA, Walker K, Bettelheim KA, Corney B, Gill P,
Bailey G and Djordjevic SP (2002) Virulence properties and serotypes of
Shiga toxin-producing Escherichia coli from healthy Australian cattle.
Applied and Environmental Microbiology 68, 6439–6445.

Islam MA, Mondol AS, de Boer E, Beumer RR, Zwietering MH,
Talukder KA and Heuvelink AE (2008) Prevalence and genetic charac-
terization of Shiga toxin-producing Escherichia coli isolates from slaugh-
tered animals in Bangladesh. Applied and Environmental Microbiology
74, 5414–5421.

Islam MZ, Musekiwa A, Islam K, Ahmed S, Chowdhury S, Ahad A and
Biswas PK (2014) Regional variation in the prevalence of E. coli O157 in
cattle: a meta-analysis and meta-regression. PLoS ONE. doi: 10.1371/
journal.pone.0093299

22 Diana M. A. Dewsbury et al.

https://doi.org/10.1017/S1466252321000153 Published online by Cambridge University Press

https://www.cdc.gov/ecoli/pdfs/cdc-e.-coli-factsheet.pdf
https://www.cdc.gov/ecoli/pdfs/cdc-e.-coli-factsheet.pdf
https://www.cdc.gov/ecoli/pdfs/cdc-e.-coli-factsheet.pdf
https://www.training.cochrane.org/handbook
https://www.training.cochrane.org/handbook
https://doi.org/10.1017/S1466252321000153


Jacob ME, Renter DG and Nagaraja TG (2010) Animal- and truckload-level
associations between Escherichia coli O157:H7 in feces and on hides at har-
vest and contamination of preevisceration beef carcasses. Journal of Food
Protection 73, 1030–1037.

Jaros P, Cookson AL, Reynolds A, Prattley DJ, Campbell DM, Hathaway S
and French NP (2016) Nationwide prevalence and risk factors for faecal
carriage of Escherichia coli O157 and O26 in very young calves and adult
cattle at slaughter in New Zealand. Epidemiology and Infection 144,
1736–1747.

Jeon BW, Jeong JM, Won GY, Park H, Eo SK, Kang HY, Hur J and Lee JH
(2006) Prevalence and characteristics of Escherichia coli O26 and O111 from
cattle in Korea. International Journal of Food Microbiology 110, 123–126.

Joris MA, Pierard D and De Zutter L (2011) Occurrence and virulence pat-
terns of E. coli O26, O103, O111 and O145 in slaughter cattle. Veterinary
Microbiology 151, 418–421.

Joris MA, Vanrompay D, Verstraete K, De Reu K, De Zutter L and Cox E
(2013) Use of antibody responses against locus of enterocyte effacement
(LEE)-encoded antigens to monitor enterohemorrhagic Escherichia coli
infections on cattle farms. Applied and Environmental Microbiology 79,
3677–3683.

Kang E, Hwang SY, Kwon KH, Kim KY, Kim JH and Park YH (2014)
Prevalence and characteristics of Shiga toxin-producing Escherichia coli
(STEC) from cattle in Korea between 2010 and 2011. Journal of
Veterinary Science 15, 369–379.

Karama M, Johnson RP, Holtslander R, McEwen SA and Gyles CL (2008)
Prevalence and characterization of verotoxin-producing Escherichia coli
(VTEC) in cattle from an Ontario abattoir. Canadian Journal of
Veterinary Research 72, 297–302.

Khan A, Yamasaki S, Sato T, Ramamurthy T, Pal A, Datta S, Chowdhury
NR, Das SC, Sikdar A, Tsukamoto T, Bhattacharya SK, Takeda Y
and Nair GB (2002) Prevalence and genetic profiling of virulence determi-
nants of non-O157 Shiga toxin-producing Escherichia coli isolated from
cattle, beef, and humans, Calcutta, India. Emerging Infectious Diseases 8,
54–62.

Kijima-Tanaka M, Ishihara K, Kojima A, Morioka A, Nagata R, Kawanishi
M, Nakazawa M, Tamura Y and Takahashi T (2005) A national surveil-
lance of Shiga toxin-producing Escherichia coli in food-producing animals
in Japan. Journal of Veterinary Medicine. B, Infectious Diseases and
Veterinary Public Health 52, 230–237.

Knapp G and Hartung J (2003) Improved tests for a random effects
meta-regression with a single covariate. Statistics in Medicine 22, 2693–
2710.

Kobayashi H, Shimada J, Nakazawa M, Morozumi T, Pohjanvirta T,
Pelkonen S and Yamamoto K (2001) Prevalence and characteristics of
Shiga toxin-producing Escherichia coli from healthy cattle in Japan.
Applied and Environmental Microbiology 67, 484–489.

Liberati A, Altman DG, Tetzlaff J, Mulrow C, Gøtzsche PC, Ioannidis JPA,
Clarke M, Devereaux PJ, Kleijnen J and Moher D (2009) The PRISMA
statement for reporting systematic reviews and meta-analyses of studies
that evaluate health care interventions: explanation and elaboration.
Journal of Clinical Epidemiology 339, b2700.

Loneragan GH and Brashears MM (2005) Pre-harvest interventions to reduce
carriage of E. coli O157 by harvest-ready feedlot cattle.Meat Science 71, 72–
78.

Lynch MJ, Fox EM, O’Connor L, Jordan K and Murphy M (2012)
Surveillance of verocytotoxigenic Escherichia coli in Irish bovine dairy
herds. Zoonoses and Public Health 59, 264–271.

McAuley CM, McMillan K, Moore SC, Fegan N and Fox EM (2014)
Prevalence and characterization of foodborne pathogens from Australian
dairy farm environments. Journal of Dairy Science 97, 7402–7412.

Meichtri L, Miliwebsky E, Gioffré A, Chinen I, Baschkier A, Chillemi G,
Guth BE, Masana MO, Cataldi A, Rodríguez HR and Rivas M (2004)
Shiga toxin-producing Escherichia coli in healthy young beef steers from
Argentina: prevalence and virulence properties. International Journal of
Food Microbiology 96, 189–198.

Mellor GE, Fegan N, Duffy LL, McMillan KE, Jordan D and Barlow RS
(2016) National survey of Shiga toxin-producing Escherichia coli serotypes
O26. O 45(O103), O111, O121, O145, and O157 in Australian beef cattle

feces. Journal of Food Protection 79, 1868–1874. DOI:10.4315/
0362-028x.Jfp-15-507

Midgley J and Desmarchelier P (2001) Pre-slaughter handling of cattle and
Shiga toxin-producing Escherichia coli (STEC). Letters in Applied
Microbiology 32, 307–311.

Mohammed HO, Stipetic K, Salem A, McDonough P, Chang YF and Sultan
A (2015) Risk of Escherichia coli O157:H7, non-O157 Shiga toxin-
producing Escherichia coli, and Campylobacter spp. in food animals and
their products in Qatar. Journal of Food Protection 78, 1812–1818.

Moher D, Shamseer L, Clarke M, Ghersi D, Liberati A, Petticrew M,
Shekelle P and Stewart LA (2015) Preferred reporting items for systematic
review and meta-analysis protocols (PRISMA-P) 2015 statement. Systematic
Reviews 4, 1.

Monaghan A, Byrne B, Fanning S, Sweeney T, McDowell D and Bolton DJ
(2011) Serotypes and virulence profiles of non-O157 Shiga toxin-producing
Escherichia coli isolates from bovine farms. Applied and Environmental
Microbiology 77, 8662–8668.

Monaghan A, Byrne B, Fanning S, Sweeney T, McDowell D and Bolton DJ
(2012) Serotypes and virulotypes of non-O157 Shiga-toxin producing
Escherichia coli (STEC) on bovine hides and carcasses. Food Microbiology
32, 223–229.

Murphy BP, McCabe E, Murphy M, Buckley JF, Crowley D, Fanning S and
Duffy G (2016) Longitudinal study of two Irish dairy herds: low numbers of
Shiga toxin-producing Escherichia coli O157 and O26 super-shedders iden-
tified. Frontiers in Microbiology 7, 1850.

Musa JA, Kazeem HM, Raji MA and Useh NM (2012) A preliminary report
on antibiotic resistant Escherichia coli non-O157 isolated from cattle in
Kaduna State, Nigeria. Bangladesh Journal of Veterinary Medicine 10, 57–
62.

O’Connor AM and Sargeant JM (2014) An introduction to systematic reviews
in animal health, animal welfare, and food safety. Animal Health Research
Reviews 15, 3–13.

O’Connor AM, Sargeant JM and Wang C (2014) Conducting systematic
reviews of intervention questions III: synthesizing data from intervention
studies using meta-analysis. Zoonoses and Public Health 61, 52–63.

Orden JA, Cid D, Ruiz-Santa-Quiteria JA, García S, Martínez S and De La
Fuente R (2002) Verotoxin-producing Escherichia coli (VTEC), entero-
pathogenic E. coli (EPEC) and necrotoxigenic E. coli (NTEC) isolated
from healthy cattle in Spain. Journal of Applied Microbiology 93, 29–35.

Paddock Z, Shi X, Bai J and Nagaraja TG (2012) Applicability of a multiplex
PCR to detect O26, O45, O103, O111, O121, O145, and O157 serogroups of
Escherichia coli in cattle feces. Veterinary Microbiology 156, 381–388.

Padola NL, Sanz ME, Blanco JE, Blanco M, Blanco J, Etcheverria AI,
Arroyo GH, Usera MA and Parma AE (2004) Serotypes and virulence
genes of bovine Shigatoxigenic Escherichia coli (STEC) isolated from a feed-
lot in Argentina. Veterinary Microbiology 100, 3–9.

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow
CD, Shamseer L, Tetzlaff JM, Akl EA, Brennan SE, Chou R, Glanville
J, Grimshaw JM, Hróbjartsson A, Lalu MM, Li T, Loder EW,
Mayo-Wilson E, McDonald S, McGuinness LA, Stewart LA, Thomas J,
Tricco AC, Welch VA, Whiting P and Moher D (2021). The PRISMA
2020 statement: an updated guideline for reporting systematic reviews
BMJ 372:n71. DOI:10.1136/bmj.n71

Pearce MC, Jenkins C, Vali L, Smith AW, Knight HI, Cheasty T, Smith HR,
Gunn GJ, Woolhouse MEJ, Amyes SGB and Frankel G (2004) Temporal
shedding patterns and virulence factors of Escherichia coli serogroups O26,
O103, O111, O145, and O157 in a cohort of beef calves and their dams.
Applied and Environmental Microbiology 70, 1708–1716.

Pearce MC, Evans J, McKendrick IJ, Smith AW, Knight HI, Mellor DJ,
Woolhouse ME, Gunn GJ and Low JC (2006) Prevalence and virulence
factors of Escherichia coli serogroups O26, O103, O111, and O145 shed
by cattle in Scotland. Applied and Environmental Microbiology 72, 653–
659.

Pihkala N, Bauer N, Eblen D, Evans P, Johnson R, Webb J and Williams C
(2012) Risk profile for pathogenic non-O157 Shiga toxin-producing
Escherichia coli (non-O157 STEC). Food Safety and Inspection Service,
United States Department of Agriculture. Available at https://www.fsis.
usda.gov/shared/PDF/Non_O157_STEC_Risk_Profile_May2012.pdf.

Animal Health Research Reviews 23

https://doi.org/10.1017/S1466252321000153 Published online by Cambridge University Press

https://www.fsis.usda.gov/shared/PDF/Non_O157_STEC_Risk_Profile_May2012.pdf
https://www.fsis.usda.gov/shared/PDF/Non_O157_STEC_Risk_Profile_May2012.pdf
https://www.fsis.usda.gov/shared/PDF/Non_O157_STEC_Risk_Profile_May2012.pdf
https://doi.org/10.1017/S1466252321000153


Pradel N, Livrelli V, De Champs C, Palcoux JB, Reynaud A, Scheutz F, Sirot
J, Joly B and Forestier C (2000) Prevalence and characterization of Shiga
toxin-producing Escherichia coli isolated from cattle, food, and children
during a one-year prospective study in France. Journal of Clinical
Microbiology 38, 1023–1031.

Rehman MU, Rashid M, Singh M, Sambyal N and Reshi IA (2014) Isolation,
characterization and association of Shiga toxin-producing Escherichia coli
from bovines and their handlers in Jammu. India. Journal of Pure and
Applied Microbiology 8, 2353–2358.

Renter DG, Bohaychuk V, VanDonkersgoed J and King R (2007) Presence
of non-O157 Shiga toxin-producing Escherichia coli in feces from feedlot
cattle in Alberta and absence on corresponding beef carcasses. Canadian
Journal of Veterinary Research 71, 230–235.

Renter DG, Smith DR, King R, Stilborn R, Berg J, Berezowski J and McFall
M (2008) Detection and determinants of Escherichia coli O157:H7 in
Alberta feedlot pens immediately prior to slaughter. Canadian Journal of
Veterinary Research 72, 217–227.

Sanderson A, Tatt ID and Higgins JPT (2007) Tools for assessing quality and
susceptibility to bias in observation studies in epidemiology: a systematic
review and annotated bibliography. International Journal of Epidemiology
36, 666–676.

Sargeant JM, Rajic A, Read S and Ohlsson A (2006) The process of system-
atic review and its application in agri-food public-health. Preventative
Veterinary Medicine 75, 141–151.

Sasaki Y, TsujiyamaY, KusukawaM,MurakamiM,Katayama S andYamadaY
(2011) Prevalence and characterization of Shiga toxin-producing Escherichia
coli O157 and O26 in beef farms. Veterinary Microbiology 150, 140–145.

Sasaki Y, Murakami M, Maruyama N, Yamamoto K, Haruna M, Ito K and
Yamada Y (2013a) Comparison of the prevalence of Shiga toxin-producing
Escherichia coli strains O157 and O26 between beef and dairy cattle in
Japan. Journal of Veterinary Medical Science 75, 1219–1221.

Sasaki Y, Murakami M, Haruna M, Maruyama N, Mori T, Ito K and
Yamada Y (2013b) Prevalence and characterization of foodborne pathogens
in dairy cattle in the eastern part of Japan. Journal of Veterinary Medical
Science 75, 543–546.

Schneider LG, Lewis GL, Moxley RA and Smith DR (2018a) A four-season
longitudinal study of enterohaemorrhagic Escherichia coli in beef cow-calf
herds in Mississippi and Nebraska. Zoonoses and Public Health 65, 552–559.

Schneider LG, Stromberg ZR, Lewis GL, Moxley RA and Smith DR (2018b)
Cross-sectional study to estimate the prevalence of enterohaemorrhagic
Escherichia coli on hides of market beef cows at harvest. Zoonoses and
Public Health 65, 625–636.

Schurman RD, Hariharan H, Heaney SB and Rahn K (2000) Prevalence and
characteristics of Shiga toxin-producing Escherichia coli in beef cattle
slaughtered on Prince Edward Island. Journal of Food Protection 63,
1583–1586.

Sergeant ESG (2015) EpiTools epidemiological calculators. AusVet Animal
Health Services and Australian Biosecurity Cooperative Research Centre
for Emerging Infectious Disease. Available at http://epitools.ausvet.com.au.

Shaw DJ, Jenkins C, Pearce MC, Cheasty T, Gunn GJ, Dougan G, Smith
HR, Woolhouse ME and Frankel G (2004) Shedding patterns of
verocytotoxin-producing Escherichia coli strains in a cohort of calves and
their dams on a Scottish beef farm. Applied and Environmental
Microbiology 70, 7456–7465.

Shinagawa K, Kanehira M, Omoe K, Matsuda I, Hu D, Widiasih DA and
Sugii S (2000) Frequency of Shiga toxin-producing Escherichia coli in cattle
at a breeding farm and at a slaughterhouse in Japan. Veterinary
Microbiology 76, 305–309.

Shridhar PB, Noll LW, Shi X, An B, Cernicchiaro N, Renter DG, Nagaraja
TG and Bai J (2016) Multiplex quantitative PCR assays for the detection
and quantification of the six major non-O157 Escherichia coli serogroups
in cattle feces. Journal of Food Protection 79, 66–74.

Shridhar PB, Noll LW, Cull CA, Shi X, Cernicchiaro N, Renter DG, Bai J
and Nagaraja TG (2017) Spiral plating method to quantify the six major
non-O157 Escherichia coli serogroups in cattle feces. Journal of Food
Protection 80, 848–856.

Singh P, Sha Q, Lacher DW, DelValle J, Mosci RE, Moore JA, Scribner KT
and Manning SD (2015) Characterization of enteropathogenic and Shiga
toxin-producing Escherichia coli in cattle and deer in a shared agroecosys-
tem. Frontiers in Cellular and Infection Microbiology 5, 29.

Stanford K, Johnson RP, Alexander TW, McAllister TA and Reuter T
(2016) Influence of season and feedlot location on prevalence and virulence
factors of seven serogroups of Escherichia coli in feces of western-Canadian
slaughter cattle. PLoS ONE 11, e0159866.

Steichen TJ (1998) Tests for publication bias in meta-analysis. The Stata
Technical Bulletin STB 41, 9–15.

Stephens TP, McAllister TA and Stanford K (2009) Perineal swabs reveal
effect of super shedders on the transmission of Escherichia coli O157:H7
in commercial feedlots. Journal of Animal Science 87, 4151–4160.

Sterne JAC, Gavaghan D and Egger M (2000) Publication and related bias in
meta-analysis: power of statistical tests and prevalence in the literature.
Journal of Clinical Epidemiology 53, 1119–1129.

Sterne JA, Sutton AJ, Ioannidis JP, Terrin N, Jones DR, Lau J, Carpenter J,
Rücker G, Harbord RM, Schmid CH, Tetzlaff J, Deeks JJ, Peters J,
Macaskill P, Schwarzer G, Duval S, Altman DG, Moher D and Higgins
JP (2011) Recommendations for examining and interpreting funnel plot
asymmetry in meta-analyses of randomized controlled trials. British
Medical Journal 343, d4002.

Stromberg ZR, Baumann NW, Lewis GL, Sevart NJ, Cernicchiaro NC,
Renter DG, Marx DB, Phebus RK and Moxley RA (2015) Prevalence of
enterohemorrhagic Escherichia coli O26, O45, O103, O111, O121, O145,
and O157 on hides and preintervention carcass surfaces of feedlot cattle
at harvest. Foodborne Pathogens and Disease 12, 631–638.

Stromberg ZR, Lewis GL and Moxley RA (2016a) Comparison of agar media
for detection and quantification of Shiga toxin-producing Escherichia coli in
cattle feces. Journal of Food Protection 79, 939–949.

Stromberg ZR, Lewis GL, Aly SS, Lehenbauer TW, Bosilevac JM,
Cernicchiaro N and Moxley RA (2016b) Prevalence and level of enterohe-
morrhagic Escherichia coli in culled dairy cows at harvest. Journal of Food
Protection 79, 421–431.

Svoboda AL, Dudley EG, Debroy C, Mills EW and Cutter CN (2013)
Presence of Shiga toxin-producing Escherichia coli O-groups in small and
very-small beef-processing plants and resulting ground beef detected by a
multiplex polymerase chain reaction assay. Foodborne Pathogens and
Disease 10, 789–795.

Thomas KM, McCann MS, Collery MM, Logan A, Whyte P, McDowell DA
and Duffy G (2012) Tracking verocytotoxigenic Escherichia coli O157, O26,
O111, O103 and O145 in Irish cattle. International Journal of Food
Microbiology 153, 288–296.

Thran BH, Hussein HS, Hall MR and Khaiboullina SF (2001) Occurrence of
verotoxin-producing Escherichia coli in dairy heifers grazing an irrigated
pasture. Toxicology 159, 159–169.

Timm CD, Irino K, Gomes TA, Vieira M, Guth BE, Vaz TM, Moreira CN
and Aleixo JA (2007) Virulence markers and serotypes of Shiga toxin-
producing Escherichia coli, isolated from cattle in Rio Grande do Sul,
Brazil. Letters in Applied Microbiology 44, 419–425.

Vicente HIG, do Amaral LA and de Mello Figueiredo Cerqueira A (2005)
Shiga toxigenic Escherichia coli serogroups O157, O111 and O113 in
feces, water and milk samples from dairy farms. Brazilian Journal of
Microbiology 36, 217–222.

Viechtbauer W (2010a) Conducting meta-analyses in R with the Metafor
package. Journal of Statistical Software 36, 1–48.

Viechtbauer W and Cheung MWL (2010b) Outlier and influence diagnostics
for meta-analysis. Research Synthesis Methods 1, 112–125.
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