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The involvement of the pathogenic Shiga-toxin-producing Escherichia coli (STEC; also called verocytotoxic-
producing E. coli or VTEC) in sporadic cases and disease outbreaks is presently increasing. Infrequent cases
are due to ingestion of milk and dairy products. As ruminants are healthy carriers of STEC and most dairy
products may provide these bacteria with favourable conditions for their growth, milk and dairy products are
a potential source of STEC. But not all STEC serotypes are pathogens; only relatively small numbers in the
entire family of STEC are pathogenic. This review focuses on the recent advances in understanding of STEC
and their significance in milk and dairy products. It is intended to gather the information that is needed to
understand how these bacteria are described, detected and characterised, how they contaminate milk and
grow in dairy products, and how the dairy industry can prevent them from affecting the consumer.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Background

According to the Food and Agriculture Organization of the United
Nations, world milk production reached 724 million tonnes in 2010,
resulting in an enormous consumption of and trade in dairy products
(FAO, 2011). In this regard, safety and the control/prevention of milk-
borne food pathogens are of primary importance to public health. Farmed
animals represent a major reservoir of pathogens that can be transferred
tomilk; the predominant human bacterial pathogens that can potentially
be transferred to milk include Salmonella spp., Listeria monocytogenes,
Staphylococcus aureus, Campylobacter spp. and pathogenic Escherichia coli.
Raw milk provides a potential growth medium for these bacteria.

E. coli is a Gram-negative, facultative anaerobe, within the family
Enterobacteriaceae, and is normally a commensal bacterium that co-
exists with its human host in the intestines in a mutually beneficial
relationship (Tchaptchet and Hansen, 2011). For the most part, E. coli
is a group of harmless bacteria that are most often used as indicator
organisms for faecal contamination and breaches in hygiene.
However, several E. coli clones have acquired virulence factors that
have allowed them to adapt to new niches and in some cases to cause
Please cite this article as: Farrokh, C., et al., Review of Shiga-toxin-produc
International Journal of Food Microbiology (2012), http://dx.doi.org/10.
serious disease. There are six categories of pathogenic E. coli
that affect the intestines of humans: Shiga-toxin-producing E. coli
(STEC; also called verocytotoxin-producing E. coli or VTEC), of which
enterohaemorrhagic E. coli (EHEC) are a pathogenic sub-group;
enteropathogenic E. coli (EPEC); enterotoxigenic E. coli (ETEC);
enteroaggregative E. coli (EAEC); enteroinvasive E. coli (EIEC); and
diffusely adherent E. coli (DAEC).

Among the pathogenic E. coli of greatest relevance to milk is E. coli
O157:H7, an STEC serotype, which, because of its high virulence
(it can cause disease at a dose of 5–50 cells), is of major concern to
the dairy industry. According to a recent review (Mathusa et al.,
2010), six other non-O157 STEC serogroups are emerging as
leading causes of infection: E. coliO26, O103, O111, O121, O45 andO145
(in order of frequency in the US). According to a European Food Safety
Authority report (EFSA, 2009a), the major serotypes or serogroups of
concern are E. coli O157:H7, O26, O103, O145, O111, and O91. These
serogroups are a small number in the entire family of STEC. Water and
foodstuffs that are subject to faecal contamination from ruminants
could represent a threat to food safety. In North America, Japan and
parts of Europe, most outbreaks have been caused by strains belonging
to the serotype O157:H7; however, other serogroups are also an
important health concern.
ing Escherichia coli (STEC) and their significance in dairy production,
1016/j.ijfoodmicro.2012.08.008
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1.2. Purpose of this review

The purpose of this review is to assess the current situation with
respect to the major serotypes of pathogenic STEC in dairy products.
Twelve years ago, the International Dairy Federation (IDF) established a
Task Force comprising scientists involved in research on pathogenic E. coli
to review and assess the significance of STEC in dairy production with
respect to consumer health (Bastian and Sivelä, 2000).

As cheesemaking is a major sector of the dairy industry worldwide,
and many cheese varieties throughout the world are typically made
from raw or unpasteurised milk with natural enzymes and microflora
that are responsible for enhancing desirable flavour characteristics
(Fox and McSweeney, 2004), this review has a focus on cheese
with respect to pathogenic STEC serogroups.

The review first describes the bacteriological characteristics of STEC,
its sources and itsmode of transmission. This is followed by a description
of the analyticalmethods, including testing for virulence factors, to detect
and identify the human pathogenic STEC strains/serotypes in milk and
dairy products. Then the main outbreaks associated with dairy products,
the occurrence of STEC in raw milk and cheeses and its survival during
cheesemaking are discussed. Finally, measures that can help prevent the
contamination of milk and dairy products are proposed. The document
focuses on recent advances in the understanding of the strains and/or
serotypes that pose a significant risk to human health.

2. Bacteriological characteristics

2.1. Shiga-toxin-producing E. coli

E. coli is a micro-organism that is commonly found in the lower
intestinal tract of healthy humans and animals. There aremany types of
E. coli, a few ofwhich are potentially pathogenic by a variety of infective
and toxin-producing mechanisms. Symptoms vary according to the
strain of E. coli encountered and the resistance of the individual to such
illness. Infants, young children, the elderly and the immunocompro-
mised are generally more susceptible to E. coli infections than healthy
older children and adults, although the recent E. coli O104 outbreak in
Germany caused more problems in healthy adults (EFSA, 2011a),
indicating that such generalisations do have significant variations. All
STECs have the same morphology. They are Gram-negative bacilli
belonging to the Enterobacteriaceae family and the Escherichia genus.
STECs are characterised by their serogroup, virulence genes, toxins and
associated disease symptoms. STECs are so named because they
produce one or more cytotoxins, called Shiga toxin 1 (stx1) and Shiga
toxin 2 (stx2).

2.2. Growth and inactivation

Most E. coli grow between 10 and 46 °C, with some strains growing
at 8 °C (ICMSF, 1996). However, some STEC serotypes can grow in milk
at temperatures as low as 6.5 °C (Kauppi et al., 1996). A recent
publication has also shown that E. coli O157 strains possess inherent
genetic mechanisms which enable growth at low temperatures
(b15 °C), compared to non-pathogenic E. coli (Vidovic et al., 2011).
STECs, like other Gram-negative bacteria, do not exhibit unusual heat
resistance under conditions of neutral pH and moderately high water
activity (aw; e.g. 0.95; Kaur et al., 1998). Pasteurisation of milk at 72 °C
for 15 s inactivates O157:H7 (D'Aoust et al., 1988).

2.3. Resistance to environmental stress

In bacteria, stress resistance mechanisms are a common survival
strategy. This is particularly relevant to bacterial survival in food.
Most survival studies (in food or laboratory media) have been
undertaken using E. coli O157:H7 strains and little is known about
other STEC serotypes.
Please cite this article as: Farrokh, C., et al., Review of Shiga-toxin-produc
International Journal of Food Microbiology (2012), http://dx.doi.org/10.
STEC O157:H7 have been shown to survive at temperatures that
are lower than those suitable for growth. For example, E. coli O157:H7
can survive for several weeks or months in meat, fruits, ice cream and
yoghurt when frozen at −18 to −20 °C (De Schrijver et al., 2008;
Doyle and Schoeni, 1984; Grzadkowska and Griffiths, 2001; Strawn
and Danyluk, 2010), and outbreaks have been linked to frozen ground
beef patties that contained viable E. coli O157:H7 (CDC, 1997, 2000).

Environmental stresses can induce thermotolerance in some strains.
Exposure to mild heat, or cross-protection induced during acid adapta-
tion, has been reported to increase thermotolerance by up-regulating
stress response genes (Murano andPierson, 1992; Ryu andBeuchat, 1998,
1999; Semanchek and Golden, 1998). Fat also has a protective effect
against thermal inactivation (Line et al., 1991; Singh and Ranganathan,
1980). Three mechanisms in E. coli allow the cells to withstand acid
challenge at pH 2.5: the RpoS, the arginine decarboxylase and the
glutamate decarboxylase systems (Castanie-Cornet et al., 1999). Acid
resistance of STEC is mediated by rpoS, which encodes a stationary-phase
sigma factor. This feature helps STEC to survive the acidity of the stomach
and to colonise the gastrointestinal tract. Furthermore, it also increases
the survival of STEC in acidic foods, enabling survival for extended
periods, particularly at refrigeration temperature (Meng et al., 2007;
Semanchek and Golden, 1996). Hence, contaminated cultured and
fermented foods such as yoghurt and cheese have been implicated in
sporadic cases and outbreaks (Baylis, 2009; Besser et al., 1993; CDC,
1995a, 2000; Cody et al., 1999; Ethelberg et al., 2007, 2009; Hussein and
Bollinger, 2005; Hussein and Sakuma, 2005a; King et al., 2010; Sartz et al.,
2008; Weagant et al., 1994).

Although there are relatively few published studies evaluating the
survival of non-O157 STEC in foods, isolating non-O157 from commer-
cial product suggests that these strains may be equally resistant to
stress conditions (Baylis, 2009; Stephan et al., 2008).

Other preservatives have various effects on STEC. Lactate, propio-
nate, sorbate and benzoate inhibit non-O157 STEC but the extent of
inhibition or survival is concentration and temperature dependent
(Hazarika et al., 2003; McWilliam Leitch and Stewart, 2002a, 2002b).

3. Detection and isolation methods

STECs comprise over 400 serotypes that differ greatly in both their
physiological characteristics and their pathogenic potential to humans
(Bettelheim, 2007; Scheutz and Strockbine, 2005); at present it is still not
possible to fully define human pathogenic STECs (AFSSA, 2010; EFSA,
2007). This diversity is reflected in the use of very different detection
methods for STEC in monitoring programmes or official food controls
and in the lack of international standardised procedures for detection of
non-O157 STEC. Generally, two different approaches are used to detect
STEC in foods: 1) serogroup-independent techniques where data on the
prevalence of genes and the characteristics of STEC occurring in food is
acquired (Beutin et al., 2007; Fach et al., 2001). This can result in isolation
of non-disease causing strains. 2) Serogroup-dependent methods which
target a subset of serogroupsmost frequently involved in human disease
and outbreaks and focus on STECs likely to exhibit virulence in humans,
such as strains belonging to serogroups O26, O45, O91, O103, O111,
O121, O145 and O157 (Auvray et al., 2007; EFSA, 2009a; Fratamico et al.,
2011; Madic et al., 2009, 2011; Perelle et al., 2007). Food samples
contaminated by STEC serotypes that are less frequently associated with
human infections, but can still cause cases of HUS (e.g. O113:H21, O174:
H21, or the newly emerging O104:H4 serotype; [Scheutz et al., 2011])
are missed by these selective methods.

As E. coliO157:H7 is themost prevalent cause of STEC human disease
and outbreaks, genetic detection assays and differential/selective agars
for its isolation are well developed and widely available for routine
analysis. Non-O157 STEC serogroups have also been increasingly linked
to food-borne illness outbreaks and severe pathology (see Section 7),
and therefore genetic detection methods and differential/selective agars
for isolating the most prevalent non-O157 serogroups (i.e. O26, O103,
ing Escherichia coli (STEC) and their significance in dairy production,
1016/j.ijfoodmicro.2012.08.008
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O111 and O145) have recently been developed. However, as described
below, additional method development for these and other STEC
serogroups is still required.

3.1. Culture and isolation methods

3.1.1. Enrichment
As food samples usually contain low numbers of STEC together

with a high level of competing microflora, a selective enrichment step
is required for the isolation of STEC. For processed foods, enrichment
may also facilitate the recovery of injured or stressed bacterial cells
that have been exposed to harsh manufacturing processes. A wide
range of enrichment protocols, which use different basal broths,
different added selective agents and different incubation times and
temperatures, have been described (Vimont et al., 2006). Although
various enrichment protocols have been compared for their ability to
support growth of STEC, no clear conclusions could be drawn
regarding their relative efficacy (Baylis, 2008; Vimont et al., 2006);
to date, there are no standard enrichment conditions for STEC
serotypes other than O157:H7. Studies have suggested that all
serotypes cannot be detected by one method (Baylis, 2008).

For the detection of E. coli O157:H7 and non-O157 STEC, tryptone
soya broth (TSB) and E. coli broth (EC), incubated at 35–37 °C for
16–24 h, are themost frequently employed enrichmentmedia (Vimont
et al., 2006). To suppress the antagonistic activity of the background
microflora, incubation at 42 °C may be used although this temperature
may also interfere with the recovery of injured STEC cells. Enrichment
broths are frequently supplemented with selective agents such as
potassium tellurite and antibiotics, especially novobiocin (or acriflavin
in the case of dairy products). However, it has been reported that
systematic addition of novobiocin should be avoided as it may inhibit
the growth of some STEC strains (Vimont et al., 2006). Jasson et al.
(2009) also showed a susceptibility of STEC O157 to various selective
components in the enrichment medium and therefore supported the
use of non-selective media, such as buffered peptone water (BPW).

3.1.2. Immunomagnetic separation
By taking advantage of interactions between antibodies and

O-antigens, immunomagnetic separation (IMS) can be used, after
enrichment and prior to plating, for the selective concentration of STEC
cells belonging to particular serogroups. The use of IMS-O157 is well
established and is considered to be the official standard method for the
detection of E. coliO157 in foods and animal feedstuffs (ISO, 2001). It was
shown to be effective and applicable to the examination of dairy products,
with a detection limit of 1–2 CFU/25 g (Voitoux et al., 2002). Automated
IMS technology allowing sample recirculation over a “capture phase” has
also been proposed to improve STEC recovery (Fedio et al., 2011).

IMS-basedmethods have not yet been standardised for the detection
of non-O157 STEC. Commercial IMS assays are available for a subset of
four non-O157 serogroups most frequently involved in HUS and
outbreaks, i.e. O26, O103, O111 and O145. However, the detection of
these non-O157 STEC by IMS is subject to serotype-specific variations in
capture efficiency (Auvray et al., 2007; Hara-Kudo et al., 2000; Jenkins et
al., 2003; Madic et al., 2011; Verstraete et al., 2010).

3.1.3. Selective media
In contrast to commensal E. coli strains, typical E. coliO157:H7 do not

ferment sorbitol, lack the ability to produce β-D-glucuronidase (GUD)
and are also more resistant to cefixime and tellurite. Based on one or
more of these properties, several solid growthmedia, including sorbitol‐
MacConkey (SMAC) agar and its cefixime‐tellurite-supplemented
formula (CT‐SMAC), have been developed (March and Ratnam, 1986;
Zadik et al., 1993). Alternative agars, mostly based on chromogenic
reactions, distinguishing E. coli O157:H7 from background flora, are
commercially available. However, these media not only fail to
detect all the non-O157 STEC serotypes, but also fail to detect
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atypical (HUS-causing) E. coli O157:H7/H− strains, which are
sorbitol fermenting (SF) and GUD-positive (and therefore called
sorbitol-positive/SF O157 [Karch and Bielaszewska, 2001]). In
addition, several non-O157 E. coli serogroups lack sorbitol fermen-
tation and GUD activity (Manna et al., 2010), which complicates
phenotypic identification of E. coli O157.

The enterohaemolytic phenotype of a significant proportion of STEC
strains has been exploited for the development of an ‘enterohaemolysin
agar’ prepared with washed sheep erythrocytes supplemented with
Ca2+ and vancomycin–cefsulodin–cefixime for increased selectivity.
After incubation at 37 °C for 18–24 h, enterohaemolytic colonies are
identified by the formation of small turbid haemolytic zones (Beutin et
al., 1989). However, it should be stressed that non-haemolytic STECwill
be missed on this medium.

As most strains of STEC O26 are unable to ferment rhamnose and,
like O157:H7, are also more resistant to cefixime and tellurite,
rhamnose‐MacConkey (RMAC) agar and RMAC agar supplemented
with cefixime and tellurite (CT‐RMAC) are often used to differentiate
STEC O26 from other E. coli (Hiramatsu et al., 2002). Recently, new
selective differential and confirmation media, based on a mixture of
carbohydrate sources and a chromogenic substrate for β-D-galacto-
sidase, have been developed and evaluated for isolating E. coli O26,
O103, O111 and O145, as well as sorbitol-positive and -negative O157
STEC at levels of ≤100 CFU/25 g (Possé et al., 2008a, 2008b). Overall
isolation efficiencies ranged from 100% for raw milk, to 82.3% and
88.5% for cheeses made with pasteurised milk and rawmilk, respectively
(Possé et al., 2008b). Cold-stressed and non-stressed STEC O26, O103,
O111 and O145 inoculated into the cheese samples at levels of
10–30 CFU/25 g were reliably isolated using this procedure. Plating on
Rainbow® Agar O157 was also successfully used for isolation of E. coli
O26, O45, O103, O111, O121 and O145 from artificially contaminated
ground beef (Fratamico et al., 2011). Finally, CHROMagar™ STEC
(CHROMagar Microbiology) was found suitable for the selective screen-
ing of major EHEC serotypes (e.g. O26:H11, O111:H8, O118: H16, O121:
H19, O145:H28 and O157:H7) from vegetables (Tzschoppe et al., 2012).

3.1.4. Colony hybridisation and immunoblot assays
Despite the lack of isolation media for the majority of STEC

serogroups, suspect stx-positive colonies isolated on agar plates can be
identified using the DNA probe hybridisation technique (Karch and
Meyer, 1989). For the detection of STEC in dairy products, diluted aliquots
of enriched cultures, displaying a positive polymerase chain reaction
(PCR) result for stx, can be plated by spreading onto agar before applying
the filter technique for blotting and hybridisation (Fach et al., 2001;
Messelhäusser et al., 2008; Parisi et al., 2010; Stephan et al., 2008;
Vernozy-Rozand et al., 2005a). Alternatively, identification of STEC
isolates can be performed immunologically using anti-Stx antibodies.
However, colonyhybridisation or immunoblot assays are rather laborious
techniques that cannot be easily performed routinely. Moreover, the
detection of lownumbers of STEC is difficult, as STECmaybe outgrownby
the background microflora on the agar plates.

3.1.5. Confirmation of suspected colonies
Isolates of STEC have to be confirmed on two levels: the serotype

and the production of Stx or the presence of stx genes. Several
different approaches are used, including serological techniques, tissue
culture assay and nucleic acid‐based methods.

Traditionally, suspected colonies on selective media are confirmed
biochemically as E. coli and serotyped. However, large sets of antisera
against E. coli O-antigens 1–181 and H-antigens 1–56 are restricted to
specialised international reference laboratories and only a limited
number of O- and H-antigens can be typed using commercial
serological kits. The production of active Stx can be tested biologically
using the vero cell assay (VCA) (Konowalchuk et al., 1977). Although
this assay is considered to be the gold standard, its use in routine
diagnostic laboratories is limited because it is time consuming and
ing Escherichia coli (STEC) and their significance in dairy production,
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Table 1
Validated commercial immunoassays and PCR tests for the detection of E. coli O157 or
STEC in foods (as at August 23rd 2011).

Principlea Name of the assay (manufacturer) Validation

AIEA VIDAS® E. coli O157 (ECO), VIDAS® UP
E. coli O157 (including H7) (bioMérieux)

AOAC/AFNOR

ELISA Assurance EIA® EHEC (BioControl Systems) AOAC
TECRA® E. coli O157 VIA™ (3 M TECRA) AOAC

LFI DuPont™ Lateral Flow System E. coli O157
(DuPont Qualicon)

AOAC

RapidChek® Select™ E. coli O157
(Strategic Diagnostics)

AOAC

Reveal® 2.0 E. coli O157:H7 test system
(Neogen Corporation)

AOAC

Singlepath® E. coli O157 (Merck/EMD Chemicals) AOAC
VIP Gold ™ for EHEC (BioControl Systems) AOAC

MICT FoodChek™ E. coli O157 (FoodChek Systems) AOAC
Real-time PCR ADIAFOOD Rapid Pathogen Detection system

for E. coli O157, ADIAFOOD Rapid Pathogen
Detection system for E. coli O157:H7
(AES Chemunex)

AOAC

Assurance GDS™ Shiga Toxin Genes, Assurance
GDS™ E. coli O157:H7 (BioControl Systems)

AOAC

BAX® E. coli O157:H7 MP, BAX® Real-time PCR
assay E. coli O157:H7 (DuPont Qualicon)

AOAC/AFNOR

E. coli O157:H7 LT Test Kit (Idaho Technology) AOAC
Foodproof® E. coli O157 Detection Kit
(BIOTECON Diagnostics GmbH)

AOAC

GeneDisc pathogenic E. coli O157, GeneDisc STEC,
GeneDisc EHEC 5 ID (Pall GeneDisc Technologies)

AOAC/AFNOR

HQS E. coli O157:H7 (ADNucleis) AFNOR
IEH E. coli O157, Stx-producing E. coli (STEC) with
Intimin (IEH Laboratories and Consulting Group)

AOAC

iQ-Check™ E. coli O157:H7 (Bio-Rad) AOAC/AFNOR
MicroSEQ® E. coli O157:H7 Detection kit
(Applied Biosystems)

AOAC/AFNOR

a AIEA, automated immunoenzymatic assay; ELISA, enzyme-linked immunosorbent
assay; LFI, lateral flow immunoassay; MICT, magnetic immunochromatographic test.
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requires facilities for cell culture preparation. Commercial immuno-
assays and reverse passive latex agglutination (RPLA) tests are also
available for Stx detection (see: http://denka-seiken.jp/english/
products/bacteriology/escherichiaColi.html).

Alternatively serotyping and examination of virulence can be
achieved using DNA-based molecular diagnostic tools. A large number
of conventional PCR tests targeting stx, eae and genetic markers specific
for the O- and H-antigens associated with the main pathogenic STEC
serotypes have been developed, including simplex andmultiplex assays
(Bastian et al., 1998; Botteldoorn et al., 2003;Monday et al., 2007; Paton
and Paton, 1998). Real-time PCR methods based on the use of
fluorescent dyes or fluorogenic oligonucleotide probes have been
proposed, offering interesting advantages, such as quantification,
increased speed, prevention of carryover contamination and high
throughput automated analysis (Beutin et al., 2009; Bugarel et al.,
2010a, 2010b; Fratamico et al., 2009, 2011; Lin et al., 2011; Madic et al.,
2010; Nielsen and Andersen, 2003; O'Hanlon et al., 2004; Perelle et al.,
2004). DNAmicroarray technology has also been used for rapid genetic
identification of 24 O groups and 47 H types, representing a valuable
alternative to classical serotyping (Ballmer et al., 2007).

3.2. Methods for the detection of STEC in food

3.2.1. Culture-based methods
An International Organization for Standardization (ISO) method is

available for the detection of E. coli O157:H7 in food and animal
feedstuffs (ISO, 2001). This method is based on an enrichment
procedure, followed by a separation and concentration step, and then
an isolation step on selective chromogenic media. It was shown to be
sensitive, with a detection limit of 1–2 CFU/25 g, as well as effective
and applicable to the examination of dairy products (Voitoux et al.,
2002). Methods for standardisation of non-O157 STEC are in the
process of being developed.

One of the disadvantages with culture-basedmethods is that cells can
enter a dormancy state where they become non-culturable (viable but
non-culturable [VBNC]; Dinu and Bach, 2011). This can lead to an
underestimation of numbers or a failure to isolate a viable culture,
although the cells may still retain pathogenicity, or be recoverable to a
viable cell state. Recovery of cells may be compromised by selective or
chromogenicmedia andVBNC should be considered inusing thesemedia.

3.2.2. Molecular-based and immunological methods
Recently, a real-time PCR-based method for detection of patho-

genic STEC belonging to serogroups O26, O103, O111, O145 and O157
has been developed by Working Group 6 of Technical Committee 275
of CEN (European Committee for Standardisation) and has since been
proposed as a draft International Organization for Standardization
Technical Specification (ISO/TS 13136; EFSA, 2009a). It is intended for
the analysis of human food and animal feedstuffs, as well as for
environmental samples in the area of food production and/or handling
and at primary production stages.

Real-time PCR is recognised as a highly specific and sensitive
technique that can be completed in 2–4 h after enrichment. Its potential
for automation alsomakes it suitable for the screening of large numbers
of food samples. Table 1 includes a list of commercialised real-time PCR
tests allowing the detection of E. coli O157 or stx genes in foods, with
analytical performances, approved by AFNOR Validation or AOAC
International. Numerous other PCR methods targeting STEC-associated
markers have been described in the literature and could be useful for
screening food. However, only a few of these include an IAC to detect
PCR failures caused by inhibitory food compounds (Auvray et al., 2009;
Belanger et al., 2002; Derzelle et al., 2011; Fratamico et al., 2009, 2011;
Stefan et al., 2007). In addition, failure of some PCR assays to detect
genetically distant stx variants has been described (Bastian et al., 1998;
Beutin et al., 2009; Reischl et al., 2002). Recently, a quantitative PCR
assay designed to detect all known stx gene subtypes including themost
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distant variant stx2f was developed and successfully applied for STEC
detection in foods such as rawmilk cheeses (Derzelle et al., 2011). This
assay also proved to be appropriate for the direct quantification of STEC
in milk over a 5 log dynamic range, i.e. from 4×106 to 40 CFU/mL.

Multiparametric real-time PCR-based approaches targeting several
EHEC virulence genetic markers facilitate the identification of food
samples contaminated by STECs belonging to various serogroups such
as O26, O103, O111, O145 and O157 (Auvray et al., 2007; Perelle et al.,
2007) or O26, O45, O103, O111, O121, and O145 (Fratamico et al.,
2011). The interest of a sequential molecular strategy for the detection
of STEC O26:H11, O103:H2, O111:H8, O145:H28 and O157:H7 in
cheeses was also described recently (Madic et al., 2010, 2011). By
targeting associations of genetic markers specific for highly pathogenic
STEC, such methods help to further refine the diagnostic results
obtained from PCR-based analysis of complex food matrices (Fig. 1).

In addition to PCR-based methods, many immunoassays easy to
perform in routine laboratories have been developed and validated
for the screening of E. coli O157 in foods (Table 1). Recently, a lateral
flow device capable of detecting STEC serogroups O26, O45, O103,
O111, O121 and O145 inoculated at concentrations of 3–6 CFU/375 g
of beef after 18 h enrichment at 42 °C has been reported (Nadala and
Samadpour, 2011). Further developments of this nature can be
expected in the coming years.

In contrast to cultural methods which are time-consuming,
labour-intensive, and often associated with a low rate of STEC
recovery from food, PCR- or immunoassay-based methods are
characterised by reduced analysis time and high-throughput analysis
capabilities. In particular, they offer the possibility to quickly rule out
negative samples, which represent the majority of food samples
(Lynch et al., 2012; Perelle et al., 2007; Thomas et al., 2011). Only
samples that test positive require confirmation by cultural methods.
ing Escherichia coli (STEC) and their significance in dairy production,
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Fig. 1. Schematic presentation of the interest of real-time PCR-based detection of genetic allelic combinations from the main pathogenic STEC for food analysis. aCombinations of
genetic markers typical of STEC O26:H11, O103:H2, O111:H8, O145:H28 and O157:H7 are stx:wzxO26:eae-β1, stx:wzxO103:eae-ε, stx:wbdIO111:eae-γ2/θ, stx:ihp1O145:eae-γ1 and stx:
rfbEO157:eae-γ1, respectively.
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A limitation of these rapid screening methods however is that they
are restricted to a small number of pathogenic STEC serogroups.
Although adaptation of these techniques can be achieved easily for
the detection of emerging serotypes such as O104:H4 (Scheutz et
al., 2011; Tzschoppe et al., 2012), potentially virulent STEC strains
belonging to serotypes less frequently involved in human disease
would still remain undetected during routine food analysis. Screening
methods targeting virulence gene profiles of EHEC irrespective of their
serotypes would therefore seem better suited. Unfortunately, various
virulence gene profiles occur among pathogenic STEC strains and the
full combinations of virulence factors necessary to cause disease still
remain to be defined, which hampers the development of such
serotype-independent screening strategies.

3.3. Genetic typing of STEC isolates

Further genetic characterisation of STEC isolates can facilitate
epidemiological investigation of outbreaks. Because of its high level of
discrimination, pulsed-field gel electrophoresis (PFGE) is considered to be
the standard method for the typing of STEC, especially if use of the
standardised PulseNet protocol (http://www.pulsenetinternational.org)
is made. Subtyping of STEC virulence genes using PCR-based techniques,
microarrays or DNA sequencing has also proven to be useful for
epidemiological and phylogenetic analyses (Nielsen and Andersen,
2003; Oswald et al., 2000; Persson et al., 2007). A number of other
techniques, such as multilocus sequence typing (MLST), multilocus
variable number of tandem repeat analysis (MLVA), microarray-based
comparative genomic hybridisation (mCGH) and single nucleotide
polymorphism (SNP) analysis, have also emerged as interesting tools to
identify genetically related STEC strains and to reveal potential epidemi-
ological relatedness (Laing et al., 2009; Manning et al., 2008; Miko et al.,
2010; Noller et al., 2003; Ziebell et al., 2008).

The use of innovative DNA-sequence typing by Bielaszewska et al.
(2011) also proved crucial in the rapid identification and typing of the
EHEC O104:H4 outbreak isolate, only two days after the first stool
arrived in their laboratory. By generating whole-genome sequences in a
short amount of time, high-throughput next-generation sequencing
technologies yielded critical insights into the causative EHEC O104:H4
strain at the early stages of the German outbreak, such as its high
genome sequence similarity to EAEC (Brzuszkiewicz et al., 2011;
Mellmann et al., 2011; Rohde et al., 2011). They also allowed a rapid
increase in the number of available E. coli O157:H7 genome sequences
(Eppinger et al., 2011; Rump et al., 2011). Next-generation sequencing
technologies will undoubtedly become increasingly popular in the
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production of epidemiologically relevant data during outbreaks and in
the comprehension of the mechanisms underlying STEC evolution and
virulence.

4. Diversity of serotypes, virulence factors and the concept
of seropathotypes

The genes encoding the Shiga-toxins (stx) are carried by temperate
lambdoid phages and therefore can be found independently of E.
coli strains, i.e. in free phage particles (Schmidt, 2001). Thus, the
prevalence of stx genes, detected by PCR, does not necessarily reflect
the occurrence of a viable E. coli isolate containing those genes.
However, if there is a high prevalence of stx-encoding phages in the
farm environment these could potentially generate new STEC
pathotypes by transduction (Cornick et al., 2006; Herold et al., 2004;
Schmidt, 2001). The relatively low isolation rate of STEC in both
animals and dairy products, suggests that such horizontal transfer of
stx-genes by transduction takes place at a very low frequency.
However, the recent large and deadly outbreak of E. coli O104:H4
food poisoning in Germany appears to have been caused by such a
recombinant event (Scheutz et al., 2011) leading to a highly
pathogenic hybrid of EHEC and EAEC (Mellmann et al., 2011) and
therefore continued vigilance is necessary.

4.1. Diversity of serotypes and seropathotypes

A large number of E. coli serotypes produce Stx. Although
numerous outbreaks worldwide have been attributed to O157:H7,
more than 380 different STEC O:H serotypes have been implicated in
disease (Karmali et al., 2010). Since they are associated with various
levels of virulence for humans, these serotypes were classified into
five seropathotypes (SPTs) based on their relative incidence in human
infections and their association with outbreaks and severe disease
including HUS (Karmali et al., 2003; Konczy et al., 2008; Table 2).
In the absence of a consensus definition for the full set of
virulence genes required for disease, this SPT-based classification
was considered to be a valuable tool for a more precise molecular
risk assessment of the human pathogenic potential of non-O157
STEC serogroups (EFSA, 2007).

4.2. Virulence factors

The ability of STEC to cause serious disease in humans is related
mainly to their capacity to produce Stx, a family of bacteriophage-
ing Escherichia coli (STEC) and their significance in dairy production,
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Table 2
Seropathotypes of STEC associated with human illness (Karmali et al., 2003).

Seropathotype Relative
incidence

Frequency of
involvement
in outbreaks

Association
with severe
diseasea

Serotypes

A High Common Yes O157:H7, O157:NM
B Moderate Uncommon Yes O26:H11, O103:H2,

O111:NM, O121:H19,
O145:NM

C Low Rare Yes O91:H21, O104:H21,
O113:H21, others

D Low Rare No Multiple
E Non-human

only
NAb NA Multiple

a HUS or haemorrhagic colitis.
b NA, not applicable.
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encoded potent cytotoxins characterised by a high degree of diversity.
Based on their antigenic differences, the Stx family has been divided into
two groups, Stx1 and Stx2, each containing antigenically related
members. According to the subtyping nomenclature established at the
7th International Symposium on Shiga Toxin (Verocytotoxin) —

Producing Escherichia coli Infections (Buenos Aires, 10–13 May 2009),
Stx variants include three Stx1 subtypes (Stx1a, Stx1c, Stx1d) and seven
Stx2 subtypes (Stx2a, Stx2b, Stx2c, Stx2d, Stx2e, Stx2f, Stx2g). Stx2 is
clinically the most important Stx type and the probability of HUS
development in infections from strains harbouring stx2 is higher than
that of strains containing either stx1 or both stx1 and stx2 (Friedrich
et al., 2002). Stx2a, Stx2c and Stx2d were reported as the subtypes
most commonly associated with severe outcomes of human disease
(Bielaszewska et al., 2006; Persson et al., 2007).

Other important virulence determinants include the locus of
enterocyte effacement (LEE) shared by EPEC. This 35–45 kb patho-
genicity island is responsible for the formation of attaching and
effacing (A/E) lesions on intestinal epithelial cells (Nataro and Kaper,
1998). It contains the eae gene encoding the outer membrane
adhesin, intimin, which mediates tight contact between STEC or
EPEC and intestinal epithelial cells. At least 18 intimin subtypes have
been described on the basis of the variable 3′ region of the eae gene
(Ito et al., 2007). In addition to intimin, the LEE encodes components
of a type III secretion system (TTSS) which includes TTSS structural
and translocator-proteins (EspA, EspB, EspD), and TTSS effector proteins
(EspF-H, EspZ, Map and Tir), which are injected into human cells and
subvert host cellular pathways (Garmendia et al., 2005). At least 32
other TTSS-secreted proteins displaying various functions are encoded
outside the LEE within cryptic prophages and pathogenicity islands and
thus usually referred to as non-LEE-encoded effectors (NLEs) (Dean and
Kenny, 2009; Tobe et al., 2006).

Although the LEE island is carried by most EHEC strains, its presence
is not essential for pathogenesis, and some eae (LEE)-negative strains
(referred to as atypical EHEC) can cause HUS and occasional outbreaks
(Bonnet et al., 1998; Feng et al., 2001; Karch et al., 2005; Nataro
and Kaper, 1998; Paton et al., 1999). Conversely, some serotypes of
LEE-positive strains isolated from cattle have never been found in
humans, suggesting the importance of other virulence factors
(Karmali et al., 2003).

Plasmid-encoded putative virulence factors have been described,
although their role in pathogenesis remains unclear. For example, the
enterohaemolysin E-hlyA, the serine protease EspP and the catalase-
peroxydase KatP are encoded on a megaplasmid found in a large
proportion of EHEC strains. However, the gene composition is highly
variable in STEC plasmids (Brunder et al., 1999) and none of these
factors seems to be critical to causing human illness because some
STEC strains lacking E-hlyA, espP or katP have been associated with
HUS.
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5. STEC sources and routes to raw milk on the farm

Ruminants are the main reservoir of zoonotic STEC (Gyles, 2007),
and contamination of dairy products during processing in the dairy
plant is rare (Ansay and Kaspar, 1997; Kousta et al., 2010). Yet, of 193
STEC strains found in different studies at the dairy farm level, 24 were
involved in human illness (Hussein and Sakuma, 2005a), which
emphasises the need for control of STEC in animal reservoirs at the
dairy farm. Possible mechanisms for on-farm contamination of raw
milk with potentially pathogenic STEC from dairy cows, goats and
ewes, are discussed below. Possible measures for preventing the
contamination of raw milk and milk products at the farm will be
discussed in Section 9.

5.1. STEC excretion by dairy ruminants

5.1.1. Faecal excretion
Recent reviews (Gyles, 2007; Hussein and Sakuma, 2005a) have

suggested a wide range of estimates for the prevalence of healthy
carriage of STEC in cattle, ranging from 0 to 71% of animals and from
0 to 100% of herds. Many of the studies that were quoted in these
reviews measured the total stx gene prevalence in cattle, and not
necessarily the isolation of a viable culture. Because stx genes can be
present in non-pathogenic organisms, in phage, or be unassociated
with a bacterium, stx gene prevalence estimates are an inaccurate
estimation of food safety risk unless a viable culture has been
obtained (EFSA, 2009a). However, vigilance for the presence of stx
genes in foods is necessary as their transfer to E. coli might lead to
newly emerging pathogenic STEC strains. It has also been well
documented that, although many E. colimay contain stx genes, not all
are pathogenic to humans (Kaper et al., 2004).

As far as O157 is concerned, one review estimates the prevalence
of viable cells ranging from 3 to 8% in herds and from 0.5 to 1% in
animals (Meyer-Broseta et al., 2001). According to the 2009 EFSA
report (EFSA, 2009b), the average proportion of STEC positive
samples, based on the investigation of faeces from 5368 animals,
was 2.2%, ranging from 0% to 30%, and the average proportion of STEC
O157 positive samples was 0.5%, ranging from 0% to 7.2%. A more
recent and extensive study in Belgium found viable O157 isolates in
37.8% of 180 farms using a sampling technique with overshoes
(Cobbaut et al., 2009). This latter result can be attributed to a better
sampling technique, a specific epidemiology in the country or the
improvement of the laboratory methods for detection. In general, it is
probably best to keep in mind that STEC can be present, at least
occasionally, on most farms (Hancock et al., 2001).

Sheep and goats are also healthy carriers of STEC. In Germany,
Beutin et al. (1993) found STEC in 66.6% of 120 sheep and in 56.1% of
66 goats. In Spanish studies, 47.7% of goats from 12 herds (Cortés et
al., 2005) and 36% of 1300 sheep from 93 flocks (68% were positive)
carried STEC (Blanco et al., 2003). In the above studies, sheep and
goats seem to carry different STEC serogroups compared to cattle,
with a variety of serogroups identified. Some of these serogroups may
be pathogenic to humans, but often they do not harbour the virulence
genes, stx2 and eae (Beutin et al., 1993; Blanco et al., 2003; Cookson et
al., 2006; Kudva et al., 1996, 1997; Orden et al., 2003; Zschöck et al.,
2000). Few O157 strains have been found in sheep and goats (La
Ragione et al., 2009), with the exception of a Scottish study in which
42.8% of small ruminants on 14 farms were found positive for O157
(Solecki et al., 2009).

The excretion of STEC by ruminants seems to be sporadic
(Heuvelink et al., 1998; Kudva et al., 1997; Mechie et al., 1997; Rahn
et al., 1997), but may also be persistent over several months (Frémaux
et al., 2006; Geue et al., 2009; Gyles, 2007; Hussein and Sakuma,
2005b; Liebana et al., 2005; Orden et al., 2008; Widiashi et al., 2004).
Excretion varies according to the season, peaking in warmer months
(Berry and Wells, 2010; Hancock et al., 1997; Heuvelink et al., 1998;
ing Escherichia coli (STEC) and their significance in dairy production,
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Van Donkersgoed et al., 2001). Individual variations are also seen
among cows, andmay even differ between cow droppings of the same
animal (McGee et al., 2004). Some cows and sheep may be ‘high
shedders’ of O157 (Chase-Topping et al., 2008) and perhaps of other
serogroups. Other factors contributing to intermittent excretion
include age (Hussein and Sakuma, 2005b), diet (Jacob et al., 2009),
housing (Ellis-Iversen et al., 2008; LeJeune and Wetzel, 2007; McGee
et al., 2004; Vosough Ahmadi et al., 2007; Wood et al., 2007), stress
(Rostagno, 2009), herd size (Erilsson et al., 2005), animal health
(Byrne et al., 2003; Orden et al., 2003), geographical area (LeJeune et
al., 2006) and previous contamination with STEC strains or other
pathogens (La Ragione et al., 2009; Naylor et al., 2007).

5.1.2. Intra-mammary excretion
Although the major source of milk contamination by STEC is

undoubtedly faecal (Hussein and Sakuma, 2005b), an intra-mammary
source of STEC (pre/sub-clinical mastitis), although controversial, should
not be ruled out (Lira et al., 2004; Matthews et al., 1997; Stephan and
Kuhn, 1999). For example, some indication of mastitic infection with
STEC was seen in a study in Switzerland by Stephan and Kuhn (1999)
who found STEC in 3% of milk samples from cows with E. coli mastitis,
and from a Brazilian study which identified the presence of the stx gene
in 12% of 182 strains isolated from 2144 milk samples from cows with
clinical and sub-clinicalmastitis (Lira et al., 2004). In contrast, none of the
123 E. coli strains responsible for clinical mastitis cases in France,
including recent isolates and some spanning 20 years, carried the
stx gene (Raynaud et al., 2005). These observed differences between
countries may be due to differences in sampling, epidemiological
characteristics or antibiotic resistance patterns of the microorganisms
responsible formastitis. STEC are presumably often present on the teats in
contaminated herds (Frémaux et al., 2006), and understanding the
colonisation of the udder, or lack thereof, and other features exhibited by
serotypes, in terms of penetration of and adhesion to the teat canal and
the udder, are important.

5.2. Sources and circulation of strains on the farm

It is important to understand STEC acquisition, how such strains
circulate on the farm and how the milk may subsequently be
contaminated by potentially pathogenic strains.

5.2.1. Acquisition of STEC by cattle and small ruminants on the farm

5.2.1.1. Faeces and effluents. Animal-to-animal transmission is a likely
contamination route of STEC within the herd, particularly when
members of the herd shed STEC in high numbers (Chase-Topping et
al., 2008). In addition, the introduction of newly purchased animalsmay
be a relevant route of transmission, although there is no universal
agreement on this (Cobbaut et al., 2009; Galland et al., 2001; Lahti et al.,
2003;McGee et al., 2004). Environmental transmissionwas also shown,
for example linked with poor housing conditions (Cobbold and
Desmarchelier, 2002; Garber et al., 1999; Mechie et al., 1997; Smith et
al., 2001; Williams et al., 2005; Wilson et al., 1993) or due to a long
survival period of STEC in effluent and the environment (soil, plants,
crops, grain and water), even if on-farm practices such as storage and
composting may reduce STEC survival in the effluents (Fremaux et al.,
2008b).

Other production animals (pigs, reindeer), pets (cats, dogs),
wildlife (rabbits, deer, birds) and pests (flies, rodents) are also
potential transmission vectors of STEC within ruminants, or within
the farm environment (Berry and Wells, 2010; Beutin et al., 1993;
Blanco et al., 2003; Erilsson et al., 2005; Lahti et al., 2003; Nielsen et
al., 2004; Synge et al., 2003).

5.2.1.2. Feeds and drinking water. Contamination of feed with potentially
pathogenic STEC is unusual and ismore likely to occur in the feed trough
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than in the actual feed lot (Berry and Wells, 2010). STEC occasional
presence in forage and/or concentrate can be limited by good
manufacturing practices and appropriate effluent management when
the feed is produced on the farm, e.g. for silage (Avery et al., 2004).
Pasture can also maintain bacterial circulation by direct faeces deposit
onto the ground and/or the spreading of effluents (Fremaux et al.,
2008b). Drinking water can contribute to introduction or circulation of
STEC within the herd, following direct or indirect faeces contamination,
from bedding material, dust, in the trough or directly at the source
(Cobbold and Desmarchelier, 2002; LeJeune et al., 2001; Meals and
Braun, 2006; Shere et al., 1998, 2002; Van Donkersgoed et al., 2001;
Vernozy-Rozand et al., 2002; Vinten et al., 2009). Furthermore, O157:H7
and perhaps other STECs can survive for long periods in water and
water troughs (LeJeune et al., 2001), but environmental conditions
(temperature and sun) or competitive microflora reduce bacterial
numbers in water troughs and on pastures through time (Fremaux
et al., 2008b).

5.2.2. Circulation of strains on and between farms
Studying the genotypic diversity of the strains that are circulating

on a dairy farm is of great relevance in terms of managing STEC at
the farm level. Indeed, if each contamination source is associated
with one particular strain, the great diversity of strains found on
farms can mean several management actions to target these different
sources.

There are two hypotheses about the circulation of STECs on the
farm and within the herd:

• Some researchers have found great strain diversity and multiple
origins on the same farm (Cobbold and Desmarchelier, 2001; Faith
et al., 1996; Frémaux et al., 2006; Galland et al., 2001; Liebana et al.,
2005; Mora et al., 2004; Raynaud et al., 2005). Poly-clonality of
different strains of E. coli coming from different mastitic animals on
the same farm has been observed (Wenz et al., 2006).

• Other researchers have observed that one or a few genotypes
persist on a farm, sometimes despite significant animal turnover
(Lahti et al., 2003; LeJeune et al., 2004; Shere et al., 1998).

It is likely that strain circulation on the farm depends on the size of
the farm, its type (feedlot, dairy farm, etc.) and farm practices. Similar
strain types have been detected on distant farms, but the means by
which the bacteria circulate between these distant farms is not clear
(Wetzel and LeJeune, 2006).

5.2.3. Milk contamination
Generally, there are two suggested routes by which potentially

pathogenic STEC can contaminate rawmilk: (1) rare sub-clinicalmastitis
causing STEC excretion from the udder (see above); (2) faecal routes
(directly or indirectly). It is proposed that lactating dairy animals carry
potentially pathogenic STEC in their intestines, excrete it in their faeces,
which in turn soils the teats, and the milk could be subsequently
contaminated during the milking process. Therefore, limiting faecal
contamination during milking is key to managing this pathogen on the
farm (Hussein and Sakuma, 2005b). STEC could also potentially persist if
milking equipment and pipelines are not adequately cleaned or are not
well designed and not well maintained.

As STECs are commonly present in cattle, it is probably impossible
to eradicate them; hence, preventive or curative measures have to be
found to keep them at an acceptable level on the farm. The main pre-
harvesting control measures were reviewed (Berry and Wells, 2010;
LeJeune and Wetzel, 2007; Hussein and Sakuma, 2005b), with a
special focus on O157:H7 for the latter two. Herdmanagement practices
aimed at reduction of faecal excretion (detection of high shedders,
probiotics, vaccines, feeding changes, minimising animal stress), limita-
tion of the circulation of the bacteria between farms, within the herd and
the environment (housing, including dry bedding, pest control, limiting
contact with young stock or wild animals, manure and slurry
ing Escherichia coli (STEC) and their significance in dairy production,
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management), and minimisation of faecal contamination during
milking will help to reduce milk contamination. No distinction
between curative control measures taken on a given farm after
isolation of a potentially pathogenic STEC strain in the milk, and
preventive measures concerning other farms on routine produc-
tion, was made. This distinction should be considered for further
research. Both curative and preventive measures have to be
adapted to each specific farm situation and they need to be better
evaluated (efficiency) and prioritised, alone or in combination, in
different farming systems. Indeed, since a lot of data on STEC at
the farm level has come from work on feedlots, more research on
dairy farms of different types would be useful. Some of these
measures are already in use on raw milk producing farms, for
example through guide to good hygiene practices.

Preventive measures for raw milk producing farms must also take
into account the preservation of complex microbial ecosystems of the
farm, which contain bacteria, yeasts or moulds that are essential for
raw milk cheese-making (lactic or ripening bacteria for example) and
that may be important in the control of potentially pathogenic STEC
as it was shown for other pathogen bacteria (Millet et al., 2006;
Raynal-Ljutovac et al., 2006, 2008).

Inmany countries, quantitative risk assessment and othermodelling
studies lack data at the farm level (Berry and Wells, 2010), making
predictions of STEC in this regard difficult and unreliable (Delignette-
Muller et al., 2008). Studies on the prevalence and enumeration of
serotypes other than O157 are needed, but due to the generally low
numbers of STEC, better methodology is required for enumeration.

6. Occurrence of STEC in raw milk and raw milk cheeses

In recent years, DNA based methods have been used to detect
genes encoding pathogenicity and virulence factors, such as stx1, stx2,
eae and EhlyA, in E. coli strains and have become a supplement to
traditional culturing and serogrouping of STEC. However, it is
important to realise that detection of genes in food does not
necessarily imply the occurrence of a viable isolate: recovery of a
viable culture is still necessary to categorically state that a sample was
‘positive’ for a potentially pathogenic strain. It is therefore important
to clearly distinguish between ‘prevalence’ of genes and ‘occurrence’
of viable strains. In addition, studies on occurrence are not always
comparable due to differences in the methodology used for recovery
of STEC from food. For milk and cheese, standard and validated
methods are available for detection and isolation of STEC O157.
However, for the other serogroups there are no universally accepted
and validated methods, but pragmatic and different approaches have
been applied in different studies.

6.1. Occurrence of STEC in raw milk

The significance of E. coli O157:H7 and other STEC for the dairy
sector has been previously reviewed (Bastian and Sivelä, 2000;
Hussein and Sakuma, 2005b). The occurrence of STEC in raw milk has
not changed dramatically over the last 10 years, and is typically
between 0 and 2%. Since 2000, the introduction of DNA based
methods and the production of additional data from countries and
regions outside Europe and US, including the incidence of serogroups
other than O157, have made the picture more complex. Several
studies have included only a limited number of samples, thus adding
to this complexity. These data suggest geographical variations in
occurrence of various sero- and genotypes, and that goats and sheep
may be reservoirs of STEC in some parts of the world. Virulence gene
prevalence in raw milk samples (stx1 and/or stx2) is also in general
significantly higher than isolate occurrence (Table 3). Studies from
Ireland and USA, showed that virulence gene prevalence in raw milk
was 36% and 21%, respectively, while the occurrence of isolates was
0.8% and 3.2%, respectively (Cobbold et al., 2008; Lynch et al., 2012).
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Recent studies also show high prevalence of stx genes in milk filters
(Van Kessel et al., 2011). Results from selected studies on the
occurrence of STEC isolates and prevalence of stx genes in raw milk
are presented in Table 3.

6.2. Occurrence of STEC in cheeses and other dairy products

A selection of recent studies on the occurrence of STEC in cheeses
and other dairy products (not including milk) is presented in Table 4.
Most of the studies focus on cheeses made from raw/unpasteurised
milk. Several of these studies have limitations, mainly due to a small
number of samples (typically less than 100). The most comprehen-
sive studies on the occurrence of STEC or prevalence of stx in cheese
are published in Europe (Coia et al., 2001; Conedera et al., 2004;
Pradel et al., 2000; Rey et al., 2006; Stephan et al., 2008; Vernozy-
Rozand et al., 2005a; Zweifel et al., 2010). A few dairy products other
than cheeses, including cream, ice-cream, yoghurt and butter, have
also been studied for the occurrence of STEC. Some studies also
indicate that STEC isolates from dairy products in most cases differ
from the classical pathogenic genotypes, harbouring stx1 rather than
stx2 (Pradel et al., 2008). Other studies contradict this (Zweifel et al.,
2010).

7. STEC human infection and the main outbreaks associated with
milk and dairy products

7.1. STEC in humans

The estimated infectious dose of STEC that can cause an outbreak
is very low. A dose of pathogenic E. coli O157:H7 of 5–50 viable cells
(Betts, 2000) can cause illness. Delignette-Muller et al. (2008)
showed that 3×103 cells may affect 50% of exposed children under
five years of age. The symptoms associated with STEC infection in
humans vary from mild to bloody diarrhoea, which is often
accompanied by abdominal cramps, usually without fever. STEC
infections can result in HUS which is characterised by acute renal
failure, anaemia and lowered platelet counts. HUS develops in up to
10% of patients infected with STEC O157 and is the leading cause of
acute renal failure in young children. In Europe, in 2009, a total of 242
confirmed STEC cases developed HUS. The STEC serogroup O157 was
identified in 47% of reported cases in 0–4 year old children and the
STEC serogroup O26 in 15% of these cases (EFSA, 2011b).

Non-O157 infections may also induce a range of other illnesses,
from mild gastroenteritis to critical illness, and death, either as
sporadic cases or in outbreaks. Due to inadequate analytical methods
and epidemiological and laboratory surveillance, non-O157 STEC
infections may be under-recognised and under-reported around the
world (Hanna et al., 2010).

Reports from public health surveillance studies worldwide
indicate that sporadic cases of infection with STEC greatly outnumber
outbreak cases (EFSA, 2011b). Strains of O157 cause the majority of
disease, but in recent years, improved diagnostic assays for non-O157
serogroups have contributed to an increased appreciation of the
incidence of disease caused by non-O157 STEC. In the United States,
Johnson et al. (2006) evaluated the emerging clinical importance of
non-O157 STEC and concluded that these strains may account for up
to 20 to 50% of all STEC infections.

In Europe, the total number of confirmed cases reported in 2009
was 3573 corresponding to an overall notification rate of STEC
infection reported by the 25 member states of 0.75 cases per 100,000
population. More than half (51.7%) of reported confirmed human
STEC infections were associated with the O157 serogroup and 5.4%
with O26 serogroup (EFSA, 2011b). Over the period 2002–2006, more
than one-third of STEC illnesses were attributed to non-O157 STEC,
with 20% due to five serogroups, i.e. O26, O103, O91, O145 and O111
(EFSA, 2007). Except for O91, these serogroups also accounted for the
ing Escherichia coli (STEC) and their significance in dairy production,
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Table 3
Selected studies reporting on the occurrence of STEC and prevalence of stx genes in raw milk.

Region/country Sample analysed STECa isolate occurrence (%) and/or stx gene prevalence (%)
(N=number of samples)

Reference

Africa
Kenya Raw cow's milk (households) 0.8% (N=432) E. coli O157:H7. One stx1 positive strain Arimi et al. (2005)

Raw cow's milk (households) 0% (N=260) E. coli O157:H7 Kangethe et al. (2007)
America

Argentina Raw cow's milk (bulk tank) 0% (N=150) E. coli O157:H7 Roldán et al. (2007)
Brazil Raw cow's milk (cattle with mastitis) 12.08% (N=2144) positive for a combination of hly,

stx1, stx2 and/or eae gene
Lira et al. (2004)

USA Raw cow's milk (bulk tank) 0.2% (N=859) E. coli O157:H7 Karns et al. (2007)
Raw cow's milk (for cheesemaking) 0% (N=67) E. coli O157:H7 D'Amico et al. (2008).
Raw sheep's milk (for cheesemaking) 0% (N=22) E. coli O157:H7 D'Amico et al. (2008).
Raw goat's milk (for cheesemaking) 0.75% (N=49) E. coli O157:H7 D'Amico et al. (2008).
Raw cow's milk (bulk tank) 2.4% (N=248) STEC Jayarao et al. (2006)
Raw cow's milk (bulk tank) 3.8% (N=131) E. coli non-O157 harbouring stx2 or stx1 Jayarao and Henning (2001)
Raw cow's milk (bulk tank) 3.2% (N=531) STEC Cobbold et al. (2008)
Raw cow's milk (bulk tank) 0.75% (N=268) E. coli O157 Murinda et al. (2002)
Raw cow's milk (bulk tank) 15.2% (N=536) of samples positive for stx1 and/or stx2 Van Kessel et al. (2011)
Milk filters 51% (N=519) of samples positive for stx1 and/or stx2 Van Kessel et al. (2011)

Trinidad Raw cow's milk (bulk tank at collection centres) 0.8% (N=380) E. coli O157 Adesiyun et al. (2007)
Raw cow's milk (bulk tank and other sources) 0% (N=933 E. coli isolates) STEC from bulk tank milk Roopnarine et al. (2007)

Asia
Turkey Raw cow's milk (individual animals) 1% (N=100) E. coli O157 Oksuz et al. (2004)
India Raw cow's milk and milk products 1.8% (N=553) E. coli O157 Sehgal et al. (2008)
China Raw cow's milk 0% (N=209) E. coli O157:H7 Chao et al. (2007)

Europe
EU Raw cow's milkb 1.7% (N~1300) in 2008 EFSA (2010)

0.5% (N=1079) in 2007
0.4% (N=3474) in 2006
1.4% (N=3947) in 2005

Spain Raw goat's and sheep's milk (bulk tank) 10.8% (N=360) STEC Rey et al. (2006)
0.3% (N=360) E. coli O157

Scotland Raw cow's milk 0% (N=500) STEC Coia et al. (2001)
Northern Ireland Raw cow's milk (bulk tank) 2.14% (N=420) STEC (harbouring stx1, stx2 and/or eae) McKee et al. (2003)
Ireland Raw milk (bulk tank) 10% (N=20) E. coli O157 (stx negative) Murphy et al. (2007)

Milk filters 3.1% (N=161) E. coli O157 (stx positive)
2.8% (N=161) E. coli O26 (stx positive)

Raw cow's milk 36% (N=120) of samples positive for stx1and/or stx2 Lynch et al. (2012)
0.8% (N=120) of samples positive for E. coli O157,
O111, O26, O103 and/or O145

Milk filters 69% (N=117) of samples positive for stx1and/or stx2
1.6% (N=117) of samples positive for E. coli O157,
O111, O26, O103 and/or O145

Netherlands Raw cow's milk (individual animals) 0% (N=140) E. coli O157 Schouten et al. (2005)
Milk filters 0% (N=4) E. coli O157
Raw cow's milk (bulk tank) 0% (N=13) E. coli O157

Italy Raw cow's milk (retailer) 0.6% (N=157) E. coli O126 (stx1 and stx2 positive,
lacking eae) and non-O157

Pontello et al. (2003)

Raw buffalo milk 0.6% (N=160) E. coli O26 (stx1 and stx2 positive) Lorusso et al. (2009)
Raw goat's milk 1.7% (N=60) E. coli O157:H7 Foschino et al. (2002)
Raw cow's and goats milk 0.14% (N=144) E. coli O157 Picozzi et al. (2005)
Raw cow's milk 0% (N=994) STEC EFSA (2011a)

Greece Raw cow's milk 2.2% (N=950) E. coli O157 Solomakos et al. (2009)
Raw goat's milk 0.7% (N=460) E. coli O157
Raw sheep's milk 0.8% (N=595) E. coli O157
Raw sheep's milk 1% (N=100) E. coli O157:H7 Dontorou et al. (2003)
Raw goat's milk (individual animals) 12.6% (N=87) E. coli O157:H7
Raw sheep's milk (individual animals) 13.8% (N=29) E. coli O157:H7 Zdragas et al. (2009)

Switzerland Raw cow's milk 0% (N=310) STEC Stephan and Buehler (2001)
Raw goat's milk (bulk tank) 16.3% (N=344) of samples positive for stx1 and/or stx2 Muehlherr et al. (2003)
Raw sheep's milk (bulk tank) 12.7% (N=63) of samples positive for stx1 and/or stx2

France Raw cow's milk 15% (N=778) of samples positive for stx1 and/or stx2 Raynaud et al. (2006)
Raw cow's milk 4.8% (N=205) of samples positive for E. coli O26,

O103, O111, O145 or O157 Genetic markers
Perelle et al. (2007)

Raw cow's milk 21% (N=205) of samples positive for stx1 and/or stx2 Madic et al. (2009)
3.4% (N=205) of samples positive for
E. coli O91:H21 Genetic markers

Germany Raw cow's milk 0% (N=209) STEC Messelhäusser et al. (2008)
Raw cow's milk 2.5% (N=403) STEC Zweifel et al. (2006)
Raw cow's milk (monitoring at farm) 1.5% (N=337) STEC other than E. coli O157 EFSA (2011b)

Belgium Raw cow's milk 0.7% (N=143) E. coli O157.H7 De Reu et al. (2004)
The Czech Republic Milk filters 2% (N=192) E. coli O157:H7 Čížek et al. (2008)
Slovakia Raw cow's milk 0.4% (N=269) E. coli O157 EFSA (2011a)

a Culture positive sample with strain harbouring stx1 and/or stx2 unless otherwise commented.
b Most data aimed at detecting E. coli O157. Only a few investigations conducted with analytical methods aiming at detecting all serotypes of STEC.
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Table 4
Selected studies reporting on the occurrence of STEC and prevalence of stx genes in cheeses and other dairy products.

Region/country Sample analysed STECa isolate occurrence (%) and/or stx gene prevalence (%)
(N=number of samples)

Reference

America
Peru Soft cheese made from raw milk 7.8% (N=102) E. coli O157 Mora et al. (2007)
Venezuela Telita cheese 2% (N=100) E. coli O157 Márquez and García (2007)

Asia
Turkey White pickled cheese made from raw milk 4% (N=50) E. coli O157 Oksuz et al. (2004)

Europe
EU Cheese made from raw milk 0.2% (N=2876) STEC in 2005 EFSA (2010)

2.4% (N=1064) STEC in 2006
0.5% (N=1961) STEC in 2007
1.8% (N~700) STEC in 2008

Belgium Cheese made from raw cow's milk 5.6% (N=71) E. coli O157:H7 De Reu et al. (2002)
Cheese made from raw goat's and sheep's milk 0% (N=222) E. coli O157 Imberechts et al. (2007)
Butter and cream made from raw milk 0% (N=181) E. coli O157
Butter, yoghurt, cheese, ice cream and fresh
cheese made from raw milk

0% (N=64, N=9, N=16, N=7, N=4 resp.) De Reu et al. (2004)

Italy Cheese made from raw milk 0% (N=143) E. coli O157 Civera et al. (2007)
Cheese made from pasteurised milk 0% (N=60) E. coli O157
Mozzarella cheese made from raw buffalo's milk 0% (N=93) E. coli O157 Martucciello et al. (2008)
Dairy products from pasteurised cow's milk 0% (N=657) E. coli O157 Conedera et al. (2004)
Dairy products from raw cow's milk 0% (N=811) E. coli O157
Dairy products from pasteurised sheep's milk 0% (N=477) E. coli O157
Dairy products made from raw sheep's milk 0% (N=502) E. coli O157
Mozzarella cheese made from buffalo milk 0% (N=501) E. coli O157

Portugal Cheese made from raw cow's, sheep's and goat's milk 0% (N=70) E. coli O157 Almeida et al. (2007)
Spain Dairy products from raw ovine and caprine milk

(milk, cheese curd, cheese)
1.8% (N=502) STEC (45 stx+ samples) Rey et al. (2006).

Fresh cheese curds (ovine/caprine) 0% (N=103) STEC (4 stx+ samples)
Cheese 0% (N=39) STEC (2 stx+ samples)
Raw ewe's Castelano cheese (long-ripened, hard cheese) 2.4% (N=84) STEC Caro and Garcia-Armesto (2007)

Scotland Cheese made from raw cow's milk 0% (N=739) E. coli O157 Coia et al. (2001)
Switzerland Cheese (semihard, hard and soft) made from raw

cow's and goat's milk
2% (N=796) STEC (4.9% stx+ samples) Stephan et al. (2008)

Cheese (semihard, hard and soft) made from raw
cow's, goat's and ewe's milk

1.9% (N=1502) STEC (5.7% stx+ samples) Zweifel et al. (2010)

France Cheese made from raw milk 11.7% (N=180) STEC(30.5% stx+ samples) Fach et al. (2001)
Cheese (soft, hard, unripened, blue mold)
made from raw milk

13.1% (N=1039) STEC Vernozy-Rozand et al. (2005a)

Cheese 1% (N=603) STEC (10% stx+ samples) Pradel et al. (2000)
Cheese made from raw milk 27.7% (N=112) stx+ samples Auvray et al. (2009)
Cheese made from raw milk 5.5% (N=400) STEC, including 1.8% STEC O26:H11

(29.8% stx+ samples)
Madic et al. (2011)

Germany Cheese made from raw cow's milk 0.48% (N=209) STEC Messelhäusser et al. (2008)

a Culture positive sample with strain harbouring stx1 and/or stx2 unless otherwise commented.
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majority of non-O157 serogroups associated with HUS (Table 5). The
distribution of STEC infections in 2009, as in previous years, followed
a seasonal pattern, with a rise in case counts over the summer and
Table 5
The most commonly reported STEC serogroups amongst EU member states over the
period 2002–2006 for human and HUS cases in which serogroups were established.

All human cases HUS cases

No.a % No.a %

O157 7227 66.0 310 68.3
O26 732 6.7 52 11.5
O103 603 5.5 20 4.4
O91 425 3.9 1 0.2
O145 312 2.8 27 6.0
O111 180 1.6 18 4.0
O146 153 1.4 0 0.0
O128 93 0.8 1 0.2
O55 74 0.7 3 0.7
Other 1199 10.9 22 4.9
Total 10,998 454

a Each value represents the sum, for each serogroup, of the numbers of cases
reported each year over the period 2002–2006 (EFSA, 2007).
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autumn months, peaking in September (EFSA, 2011b). Regional
differences may also occur; for example, STEC O157 is more frequently
linked to human infections in the UK and Ireland than in continental
Europe where non-O157 STEC serogroups predominate.

7.2. Different vehicles of human infection

The primary vehicles of transmission are associated with ruminants,
which are the main reservoir of STEC. They include contact with animals
or their environments and consumption of contaminated food and water
(Table 6), althoughperson–person contact has been reported as the cause
of about 29% of outbreaks (Kaspar and Doyle, 2009). The foodborne route
often involves consumption of undercooked meat, water, dairy products
made from raw milk or post-processing contamination of raw or under
cooked vegetables and ready-to-eat food. In 18.8% of non-O157 out-
breaks, no vehicle was identified.

The latest data from EFSA (EFSA, 2011b) shows that bovine meat
is believed to be a major source of foodborne STEC infections for
humans. Raw cow's milk is also considered a source of human STEC
infections in Europe. In North America, a large number of outbreaks of
STEC O157 infection have been attributed to vegetables (CDC, 2006;
Hilborn et al., 1999; Wendel et al., 2009).
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Table 6
Comparison of the relative importance of transmission vehicles associated with outbreaks of
E. coli O157:H7 and non-O157:H7 STEC infection.
From Kaspar and Doyle (2009).

Vehicle Non-O157:H7 STEC E. coli O157:H7

Animal contact 6.2% 9.7%
Water 10.0% 25.6%
Person–person contact 28.8% 6.8%
Dairy 10.0% 12.5%
Meat 11.2% 24.6%
Produce 6.2% 9.2%
Other food 8.8% 5.8%
Unknown 18.8% 5.8%
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7.3. Foodborne STEC infections and outbreaks

When interpreting data on the occurrence of STEC from food or
animals, it is important to remember that, due to differences in sampling
strategies and analytical methods used, data from different investigations
are often not directly comparable, especially those between countries and
different years. Furthermore, the most widely used analytical method
only aims at detecting E. coli O157, and there are relatively few
investigations aimed at detecting other STEC serogroups.

Table 7 shows the STEC outbreaks that have been linked to milk
and dairy products. Raw milk consumption (cow's and goat's milk)
has been associated with several cases in Europe, USA and Canada.
Most of these were associated with E. coli O157, although other
serotypes or serogroups, including O22:H8, O110:H−, O80:H−, and
O145 have also been identified as causative agents. Consumption of
contaminated soft and semi-soft cheeses has also been implicated in
outbreaks, especially those made from unpasteurised cow's and
goat's milk. E. coli O157:H7 was linked to the majority of cases, but
O27:H20, O103, O26, O145, O119:B14, O27:H20, and O104:H21 have
also been implicated. The number of reported outbreaks due to
non-O157 STECs remains relatively low, probably due to lack of
investigation and also to lower pathogenicity.

A number of STEC outbreaks associated to pasteurised milk
(Upton and Coia, 1994) and cheese (Nooitgedagt and Hartog, 1988)
have been reported. These were probably due to defective pasteur-
isation and/or post processing contamination. Farm yoghurt, farm
ice-cream and milk shakes made with pasteurised milk have also
been associated with STEC outbreaks (Becker, 2005; De Schrijver et
al., 2008; Morgan et al., 1993). A HUS-outbreak (5 cases) caused by
O145:H28 and O26:H11, and associated with dairy farm ice-cream
made from pasteurised milk has been recently described (Buvens et
al., 2011). Indistinguishable isolates from patients, ice-cream left-
overs and environmental farm samples (hay, dust, calf faeces,
overshoes) were found. This outbreak was probably the result of a
post-pasteurisation contamination of the ice-cream manufactured at
the dairy farm. It was estimated that approximately 400 cells of STEC
O145:H28 had been ingested by the patients (the concentration of
STEC O26 was 100-fold lower in the ice-cream leftovers).

8. Survival of STEC during cheesemaking

There are many varieties of cheeses produced which are categorised
into four types: soft, semi-soft, semi-hard andhard cheeses. The different
processing technologies used in the various cheeses can influence the
survival of E. coli.While the processing technologymay create conditions
that are unsuitable for growth of E. coli, they may not cause inactivation
and survivalmay still be an issue. Peng et al. (2011) have reviewed stress
response mechanisms important for allowing STEC to survive raw milk
cheese production. Some cheeses, however, particularly soft and semi-
soft cheeses, are prone to surface contamination where ripening can
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result in changing physico-chemical characteristics that may allow
greater survival or even growth. Thus, while control of the cheesemaking
process is important, process control during ripening is equally
important.

8.1. Factors affecting growth and survival of STEC during cheesemaking

The microbial stability of cheese is determined by the combined
application of different microbial hurdle factors (low pH, aw values,
NaCl, starters) which become more and more challenging during the
manufacturing process (Leistner, 1995). Nevertheless, several studies
have shown that the application of each individual hurdle factor may
not eradicate STEC. Different authors have demonstrated that survival
of E. coli strains can be enhanced by cross-protectionwhen subjected to
combinations of stresses such as acid, salt and heat stress (Rowe and
Kirk, 1999). But it can be conjectured that a synergistic effect of these
different hurdle factors exists in cheese (Gálvez et al., 2007) and that
the sequence of application of different hurdles is important. The
majority of studies on growth/survival of STEC in cheese have been
undertaken on E. coliO157:H7 and little is known about non-O157 STEC
strains.

8.1.1. pH
During the cheesemaking process, lactic acid bacteria produce acids

that lead to a decrease in the pH of the cheese which can reach values as
low as 4.5 (e.g. lactic cheeses, cream cheeses, or Feta;Mahaut et al., 2000).
Several studies have shown that E. coli O157:H7 has an optimum growth
at pH of around 7 and is able to grow in a pH range between 4.5 and 9
(Dineen et al., 1998;Glass et al., 1992). Furthermore, some strains of E. coli
O157:H7 are acid-resistant, being able to withstand pH values as low as
3.0 (Jordan et al., 1999). Thus, due to clearly defined acid resistance
systems (Foster, 2004), the lowest pH of cheese will not inactivate E. coli
O157:H7 or other STEC. Acid adaptation to the non-lethal pH in the
cheese may promote greater survival of E. coli O157:H7 during passage
through the acid environment of the stomach (Jordan et al., 1999).

8.1.2. Temperature
In cheese processing, pasteurisation of milk is an effective

treatment for inactivating pathogens, including STEC. Early studies
revealed that the pasteurisation of milk at 72 °C for 16 s was sufficient
to eliminate E. coli O157:H7 (D'Aoust et al., 1988). Therefore, the
significance of STEC in cheese refers to raw milk cheese or situations
where there was pasteurisation failure or post-pasteurisation con-
tamination (Baylis, 2009). For Mozzarella cheese, heating processes
during manufacture (80 °C for 5 min) will inactivate STEC (Spano et
al., 2003). The effect of sub-pasteurisation heat treatment of milk,
however, can have varying effects such as induction of an adaptive
response (Usajewicz and Nalepa, 2006). Moreover, the fat molecules
may protect STEC during such heat treatment (Erickson and Doyle,
2007; Kaur et al., 1998). The ripening temperature may influence
survival, however, E. coli O157:H7 was shown to survive for 60 to
75 days, respectively, in Camembert and Feta cheeses at 2 °C (Ramsaran
et al., 1998). The same survival results were observed in Cheddar for
60 days at 7 °C (Schlesser et al., 2006).

8.1.3. Water activity (aw) and salting
During cheese manufacturing, a salting step is usually applied to

provide a supplementary drainage of whey, add to the flavour
characteristics, help the rind formation and to regulate the aw in order
to control microbial growth (Mahaut et al., 2000). The minimum aw for
growth of E. coli is 0.945–0.95 (Lindblad and Lindqvist, 2010; Salter et
al., 2000; Sperber, 1983). It has also been shown that in TSB (tryptone
soya broth), E. coli O157:H7 was inhibited by NaCl at concentrations
≥8.5 g/100 g but that it could grow in the presence of NaCl at
6.5 g/100 g (Glass et al., 1992).
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Table 7
STEC outbreaks associated with milk and dairy products.

Year Dairy product Serotype, virulence factors Number of cases Country References

1986 Raw milk O157:H7 2 HUS USA Martin et al. (1986)
1989 Raw milk O22:H8 1 HUS Germany Bockemühl et al. (1990)
1990 Raw milk O157:H7 2 HUS USA (Washington) Wells et al. (1991)
1991 Farm yoghurt

(pasteurised milk)
O157:H7 16–5 HUS UK (England and Wales) Morgan et al. (1993)

1992–1993 Farm fresh goat's and cow's
milk cheese (raw milk)

O119:B14, VT2 4 HUS France (Cher) Casenave et al. (1993),
Deschênes et al. (1996)

1992–1993 Raw milk O157:H7 14–0 HUS USA (Oregon) Keene et al. (1997)
1993 Milk O157 7–3 HUS UK (England and Wales) Ammon (1997), Wall et al. (1996)
1994 Pasteurised milk O157:H7, Vt2+ PT2 >100–9 HUS UK (Scotland) Upton and Coia (1994)
1994 Farm raw milk cheese O157, VT2, PT28 22–1 HUS UK (Scotland) Ammon (1997), Strachan et al. (2006)
1994 Milk O157, VT2 8–3 HUS UK (Scotland) Ammon (1997)
1994 Farm fresh goat's milk

cheese (raw milk)
O103 4 HUS France (Ardèche) Decludt (1995)

1994 Milk (post pasteurisation
contamination suspected)

O104:H21 11 confirmed, 7 suspected USA (Montana) CDC2 (1995b)

1995 Farm raw goat's milk O157:H7 4 HUS Czech Republic Bielaszewska et al. (1997)
1996 Raw milk cheese O110:H− 3–0 HUS Germany Bockemühl and Karch (1996)
1996 Milk O157 12–1 HUS UK Clark et al. (1997)
1997 Unpasteurised milk O157 6 Finland Lahti et al. (2002)
1997 Unpasteurised milk O157 3 HUS Finland Lahti et al. (2002)
1997 Unpasteurised milk O157 2 HUS Finland Lahti et al. (2002)
1997 Cheese O157 5 (2 confirmed) UK Strachan et al. (2005)
1998 Unpasteurised milk O157 17 Finland Lahti et al. (2002)
1998 Unpasteurised farm cheese O157 4 UK (Scotland) Strachan et al. (2006)
1998 Raw milk cheese O157, PT2, VT2 10–1 HUS UK (Dorset) CDSC1 (1998b)
1998 Unpasteurised cream O157:H7 7 UK (England) CDSC1 (1998a)
1998 Fresh cheese curds O157:H7 55–2 HUS USA (Wisconsin) CDC2 (2000)
1999 Farm milk O157 38–3 HUS UK (North Cumbria) Anonymous (1999)
1999 Homemade goat's milk

cheese (raw milk)
O157, PT 21, PT 28 27–1 HUS UK (Scotland) Curnow (1999)

1999 Raw milk O157 3 UK (Scotland) Strachan et al. (2006)
2000 Raw milk O157 2 UK (Scotland) Strachan et al. (2006)
2001 Raw goat's milk O157:H−, sorbitol+ Stx2+, Stx2c+ 2–1 HUS Austria Allerberger et al. (2001)
2001 Goat's milk O157:H7 5–2 HUS Canada (British Columbia) McIntyre et al. (2002)
2002–2003 Raw milk gouda O157:H7 13–2 HUS Canada (Alberta) Honish et al. (2005)
2003 Raw cow's milk O26:H−, stx2+, eae+ hly+ 2 HUS Austria Allerberger et al. (2003)
2003 Raw cow's milk O157, stx2+, eae+ ehxA+ 9–4 HUS (family outbreak) Slovakia Liptakova et al. (2004)
2003–2004 Organic milk O157:H− 25–0 HUS Danemark Jensen et al. (2006)
2004 Raw milk cheese O157:H7 3 Canada (Quebec) MAPAQ3 (2004)
2004–2006 Farm fresh goat's cheese

(raw milk)
O157, stx2+, eae+ 2 HUS France INVS4 (2004), Espié et al. (2006)

2005 Milk O157:H7 6 Canada (Ontario) Honish et al. (2005)
2005 Milk shake O157:H7 16–1 HUS Canada (Alberta) Becker (2005)
2005 Raw milk O157:H7 18–4 HUS USA (Washington–Oregon) CDC2 (2007a)
2005 Rawmilk cheese (brie) O26, O80, stx2+, eae+ 6 HUS France (Normandie) INVS4 (2007)
2006 Raw milk O80:H−, stx1+, eae+ hly+,

O145, stx1+, stx2+ eae+
59–1 HUS Germany RKI5 (2008)

2006 Raw cow's milk O157:H7 2 HUS USA (California) Buglino et al. (2008)
2006 Organic raw milk and

cow's colostrum
O157:H7, other STEC serotypes 6–2 HUS USA (California) CDC2 (2008)

2007 Farm ice cream O145:H28, stx2+, eae+ ehxA+
O26:H11, stx1+, eae+ ehxA+

12–5 HUS Belgium De Schrijver et al. (2008),
Buvens et al. (2011)

2007 Pasteurised cheese O121, O26, O84 135–10 HUS USA (Colorado) CDC (2007b)
2008 Raw goat's milk O157:H7 4–1 HUS USA (Missouri) Marler (2009)
2009 Raw milk O157:H7, O121 3 USA (Washington) Food Poison Journal (2009)
2010 Raw milk O157:H7 8–1 HUS USA (Minnesota) Minnesota Department of Health, 2010
2010 Raw goat's milk O157:H7 30–2 HUS USA (Colorado) Marler (2010)
2010 Gouda cheese O157:H7 38–1 HUS USA (5 states) CDC2 (2010)
2010 Raw milk cheese O157:H7 8 USA (4 states) Rothschild (2010)

Stx=VT Shiga-toxin (= verocytotoxin)
stx Shiga-toxin gene
HUS Haemolytic Uremic Syndrome
1— CDSC Communicable Disease Surveillance— USA
2— CDC Centers for Disease Control and Prevention— USA
3— MAPAQ Ministère de l'Agriculture, des pêcheries et de l'Alimentation du Quebec
PT Phage Type
4— INVS Institut de Veille Sanitaire — France
5— RKI Robert Koch Institut.
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8.1.4. Anti-microbial interactions
Milk microflora as well as starter lactic acid bacteria may act

antagonistically against STEC strains (Dineen et al., 1998), although little
is understood about the mechanisms of these interactions. The specific
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antimicrobial mechanisms of lactic acid bacteria that could inhibit
pathogenic E. coli include the production of organic acids, hydrogen
peroxide, carbon dioxide, diacetyl and production of bacterio-
cins (De Vuyst and Vandamme, 1992).
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Little is known about interactions with other STEC serogroups,
or between Penicillium spp. and STEC in blue cheeses or with
propionibacteria.

8.2. Behaviour of STEC during cheesemaking

8.2.1. Survival/growth during cheese manufacture
If present in cheese, STEC will generally be at low numbers. However,

these low numbers are difficult to detect (Jordan and Maher, 2006) and
experiments are often undertakenwith higher inoculation levels (Montet
et al., 2009; Ramsaran et al., 1998; Reitsma and Henning, 1996). In
addition, it is difficult to compare results obtained from different studies
as many authors use different protocols for analysis.

At the initial stages of cheesemaking, the temperature (30 °C) and
aw value (0.99) of milk are ideal for the growth of E. coli O157:H7 and
other STEC. During the transition from milk (liquid) to curds (solid),
there is an approximately 10-fold increase in the numbers of E. coli
O157:H7 due to the entrapment of the pathogen in the curds after
whey drainage. As CFU/mL for milk and CFU/g for cheese are often
plotted on the same graph (Morgan et al., 2001; Papageorgiou and
Marth, 1989; Ryser and Marth, 1987a, 1987b), any apparent increase
in numbers could be due to growth or cell concentration during curd
formation — it is not possible to distinguish between these two
phenomena. By plotting all counts in similar units of CFU/g dry
weight, Maher et al. (2001) demonstrated actual growth of E. coli
O157:H7 in a semi-soft laboratory scale cheese during the initial
stages of manufacturing. Most authors have reported an increase in
numbers of STEC during the initial phase of cheesemaking, however
in the absence of consistent units on the graph, this increase could be
due to either growth of E. coli O157:H7 during cheesemaking, or to
concentration of the bacteria during curd formation. In soft cheese
such as Feta and Telemes, studies have shown (Govaris et al., 2002)
that after inoculation of O157:H7 into pasteurised ewe's and cow's
milk, an increase in the concentration of the STEC during the first 10 h
of manufacturing was observed. Hudson et al. (1997) also observed
that 3 h after curd formation, counts of E. coli O157:H7 increased by
1 log CFU/g in the curds of Feta cheesemade from cow'smilk. Ramsaran
et al. (1998) have shown similar behaviour of E. coli O157:H7 during
manufacture of Feta and Camembert in raw and pasteurised milk by
using nisin producing starters. Montet et al. (2009) showed that in
Camembert, after inoculation of 3 log CFU/mL of non‐E. coli O157:H7
STEC in milk, STEC increased by 1 to 2.2 log CFU/g during the first steps
of the cheese manufacturing. Hudson et al. (1997) reported that E. coli
O157:H7 increased during the manufacture of Colby, Cottage, and
Romano cheeses, while Wahi et al. (2006) reported that E. coli O157:H7
decreased rapidly, but some cells survived during the manufacturing
process of Paneer, which is a popular cheese in India.

8.2.2. Survival during cheese ripening and storage
As mentioned earlier, during ripening and storage, the behaviour

of the STEC can be affected by the microbial hurdles found in cheese.
Generally, there is a decline in the numbers of E. coli O157:H7 during
cheese ripening, although the rate of this decline will vary. In Feta
cheese and Telemes, E. coli O157:H7 was not detectable after 44 and
36 days ripening, respectively (Govaris et al., 2002), although Ramsaran
et al. (1998) observed that, with an inoculation level of 104 CFU/mL, the
pathogen population in the cheese was more than 106 CFU/g after
75 days of refrigerated storage. Hudson et al. (1997) observed a 3‐log
cycle reduction in counts of E. coli O157:H7 after 27, 30, and 27 days for
Colby, Romano, and Feta cheeses, respectively.

Reitsma and Henning (1996) produced Cheddar cheese from milk
contaminated with high (103 CFU/mL) and low (1 CFU/mL) inocula of
E. coliO157:H7, and studied the fate of the pathogen in the cheese during
ripening at 4 °C. They found that the pathogen survived for 158 days for
the high inoculum trial, but it was not detectable after 130 days for the
low inoculum trial. In raw goat's milk cheeses, Vernozy-Rozand et al.
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(2005b) reported that E. coli O157:H7 was detectable even after 42 days
of storage, when the milk was initially inoculated with 10, 100 or
1000 CFU/mL. Govaris et al. (2001) reported that E. coli O157:H7 could
grow during storage at 12 °C in Myzithra, Anthotyros and Manouri whey
cheeses within a pH range of 6.3–5.2. D'Amico et al. (2010) have
demonstrated the growth and survival of two E. coli O157:H7 strains
during the manufacture of Gouda and Cheddar cheeses made with raw
milk inoculated with 1.3 log CFU/mL of the different E. coli O157:H7
strains. These strains remained detectable after enrichment formore than
270 days in both cheeses. Itmay be concluded that the rate of inactivation
of E. coli O157:H7 during the ripening time of cheeses could be also
depend on the strain and cheese type.

There are few reports in the literature concerning non-O157 STEC,
although Montet et al. (2009) found that non-O157 STEC strains
survived in Camembert-type cheese during ripening for up to 20 days.

8.2.3. New technologies for the control of STEC in cheese
The application of new technologies may be promising for the

control of STEC in cheese. Rodriguez et al. (2005) found that
pressurisation at 300 MPa for 10 min at 10 °C, on cheese produced
with various bacteriocin starters, reduced E. coli O157:H7 to undetect-
able or levels only detectable by enrichment after 60 days of ripening.
After inoculation of E. coli O59:H21 and O157:H7 to the curd of a cheese
model, high hydrostatic pressure of 400 or 500 MPa decreased the
populations of both E. coli strains (De Lamo-Castellví et al., 2006).

In general, even with low initial levels of inoculation, E. coli O157:H7
(and probably other STEC) can grow during cheese manufacture and
survive during cheese ripening at levels high enough to be considered a
public health threat (Maher et al., 2001;Montet et al., 2009; Reitsma and
Henning, 1996). Therefore, the absence of E. coli O157:H7 and other
STEC/EHEC from milk destined for cheese manufacture, where there is
no inactivation process (such as pasteurisation), is a necessary control
measure.

9.Measures for preventing contamination ofmilk andmilkproducts

As stated in the previous sections, the main reservoir of STEC is the
ruminant alimentary tract; bacterial cells are excreted in faeces and
primarily contaminate udders, teats and hides (Nastasijevic et al.,
2008), and the farm environment where they can persist (Frémaux et
al., 2006). Secondly, they can contaminate milking machines and milk
lines (Čížek et al., 2008; Murphy et al., 2007) and finally the milk
(Anonymous, 2003; Grace et al., 2008) and processed products such
as raw milk cheeses ( Anonymous, 2003; Baylis, 2009; CDC, 2000;
Deschênes et al., 1996; Djuretic et al., 1997; Ercolini et al., 2005;
Honish et al., 2005; Ramsaran et al., 1998; Schlesser et al., 2006;
Vernozy-Rozand et al., 2005a). Outbreaks can occur from the
consumption of these products and also from consumption of
recontaminated pasteurised milk or dairy products made from pas-
teurised milk. There is a comparatively higher risk when milk is
pasteurised on the farm (Buvens et al., 2011; Clough et al., 2009).

In order to mitigate against contamination of milk by STEC, several
intervention strategies have been explored, either alone or in combina-
tion. Such strategies include hygiene practices, prophylaxis, feeding, and
consumer information. However, the lack of scientific knowledge on the
diversity and the resistance of STEC strains, and the high within- and
between-herd heterogeneity of faecal shedding complicates the selec-
tion of targeted interventions (Matthews et al., 2006; Frémaux et al.,
2006; Fremaux et al., 2007a, 2007b, 2008a, 2008b; Son et al., 2009).

9.1. Interventions at farm level

The primary defence against STEC contamination of milk is milking
hygiene, resulting in limiting faecal contamination of the teats, although
removal of the natural teat skin microflora should be limited as it
contributes to cheese technology and organoleptic quality of some raw
ing Escherichia coli (STEC) and their significance in dairy production,
1016/j.ijfoodmicro.2012.08.008

http://dx.doi.org/10.1016/j.ijfoodmicro.2012.08.008


15C. Farrokh et al. / International Journal of Food Microbiology xxx (2012) xxx–xxx
milk cheeses. Faecal contamination is less probable for sheep and goats
than for cows (Beutin et al., 1993; Blanco et al., 2003), as their faeces
tend to be more solid.

Where the possibility of contamination from the environment is
high, hygienic milking can be insufficient and a number of additional
intervention strategies (reviewed by Berry andWells, 2010) have been
suggested in an attempt to decrease the faecal excretion, including
detection and isolation of high shedders of STEC (Chase-Topping et al.,
2008), prophylaxis/vaccination (Asper et al., 2007; Bretschneider et al.,
2007; Dziva et al., 2007; Judge et al., 2004; McNeilly et al., 2008, 2010;
Peterson et al., 2007a, 2007b; Sargeant et al., 2007; Smith et al., 2008;
Thomson et al., 2009; Thornton et al., 2009), use of probiotics,
antimicrobials, sodium chlorate or bacteriophages (Callaway et al.,
2004, 2009; Khanna et al., 2008; Loneragan and Brashears, 2005;
Sargeant et al., 2007; Rozema et al., 2009) or altering diet (Callaway et
al., 2009; Jacob et al., 2009).

To decrease the level and the circulation of STEC on the farm, other
interventions have also been attempted as described previously
(Anonymous, 2004, 2007a, 2008; CAC, 2004). However, with the
current state of scientific knowledge, it is not possible to determine
whichmeasure(s) should have priority. Indeed, total eradication of STEC
from the farm environment is not possible because of the high
prevalence in cattle herds (Collins andWall, 2004; Hancock et al., 2001).

Where the raw milk is intended for production of raw milk
product, selection of farms and involvement and specific skills of
producers are recommended and must be considered together with
the preservation of the natural microbial population of raw milk.

9.2. Interventions in the milk processing plant and during distribution

There is no specific measure other than pasteurisation that would
target STEC reduction during processing (Anonymous, 2004). There-
fore, the usual good hygienic practices (GHP) apply, as recommended
in guidelines, as well as application of the HACCP principles.

Littlework has been carried out on STEC biofilm developmentwithin
the dairy context, although like other bacteria, E. coli O157:H7 is able to
attach to and form biofilms on surfaces which are commonly used in
food processing environments, such as stainless steel (Dewanti and
Wong, 1995; Ryu and Beuchat, 2005). However, this ability seems to be
highly strain dependent, and strains which naturally display an
enhanced tendency for biofilm development produce curli or fimbriae-
like structures (Cookson et al., 2002; Ryu et al., 2004) and the presence
of other bacterial populations on a surface may enhance biofilm
development of E. coli O157 strains (Marouani-Gadri et al., 2009).
Biofilm cells are also more resistant to the antimicrobial effects of
disinfectants (sanitisers), such as chlorine, than their planktonic
counterparts (Ryu and Beuchat, 2005). Studies have indicated that
adequate inactivation of biofilm cells of E. coli O157:H7 can be
achieved when using combination alkaline cleaners coupled with
hypochlorite wash solutions (Sharma et al., 2005).

Technological steps, such as micro-filtration or pasteurisation, can
decrease the contamination level at processing. These technological
measures should be adapted to the type of milk product (e.g. soft vs.
hard cheese) after a hazard analysis process. It should be remembered
that, as far as rawmilk products are concerned, somemeasures that are
efficient in the management of other pathogenic bacteria, such as long
term ripening (Schlesser et al., 2006), competitive ecosystems or
acidification, may not be useful in reduction of some STEC strains.
Further research in this area should be conducted, particularly on non-
O157 serogroups. Hygienic practices along the distribution chain and a
continuous chill chain are essential in the control of STEC.

9.3. Combination of preventive practices

Combining hurdles to prevent contamination and possible growth
of STEC is recommended (Callaway et al., 2009; Vosough Ahmadi et
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al., 2007). The efficiency of a combination of hurdles at the farm level
was studied by Ellis-Iversen et al. (2008). The statistical evidence
showed that dry bedding and maintenance of animals in the same
groups were the most important measures. Other authors have also
attempted to model combined interventions of vaccination, diet,
probiotics and water and bedding hygiene (Vosough Ahmadi et al.,
2007; Wood et al., 2007).

9.4. Validation, monitoring, verification of control measures

Although there have been outbreaks associated with STEC in raw
milk, the occurrence of STEC in raw milk is low (Baylis, 2009; and see
Table 3 above). Therefore, end product microbiological analysis for
STEC is unlikely to deliver meaningful reductions in associated risk for
the consumer (Anonymous, 2003) and the routine monitoring for
STEC would not significantly reduce the occurrence of associated
cases. Microbiological criteria based on process hygiene, for example
based on E. coli and/or Enterobacteriaceae, may prove a useful
validation, monitoring and verification tool for control measures. A
microbiological hygiene criterion based on E. coli counts is applied in
the European Union for cheeses made from milk or whey that have
undergone heat treatment (Anonymous, 2007b). A microbiological
criterion is also used for butter and cream made from raw milk or
milk that has undergone a lower heat treatment than pasteurisation.
This is based on counts of Enterobacteriaceae for milk or whey
powder, for ice-cream and frozen dairy desserts, for dried infant
formulae and dried dietary foods for special medical purposes
intended for infants below 6 months of age, and for dried follow-on
formulae.

The use of emerging metrics of microbiological risk management
(Anonymous, 2007c), such as a performance objective (PO) could also
be useful. A PO is the maximum frequency and/or concentration of a
microbiological hazard in a food, at a particular point in the food
chain, which should not be exceeded if one is to have confidence that
the food safety objective or appropriate level of protection will be
maintained. It is expressed in the same way as the microbiological
limit of a microbiological criterion (MC) that is in CFU/g. But the PO is
a target to be achieved, while the MC is a measurement result that is
not equal to the PO, because it has to account for sampling and
measurement errors. When the bacterial concentration is too low to
be measured, the verification of the PO can only be performed by
averaging the results of analyses done on samples analysed sequentially
over time (Cerf, 2009). The control of STEC indairy production canonly be
achieved by a set of measures along the entire food chain. The optimum
combination of these measures remains to be determined and more
research is needed to better evaluate the prevalence and numbers along
the food chain and the efficacy of control measures, and to develop
recognised methods for inexpensive and rapid analyses.

10. Conclusions

While severe cases of bloody diarrhoea or HUS caused by STEC are
uncommon, they do affect mostly vulnerable groups such as young
children and elderly people, although the outbreak in Germany
(ECDC, 2011) in May/June 2011 has highlighted other vulnerable
groups. As a result, STEC are perceived as a serious foodborne hazard
of increasing concern to authorities and agencies charged with food
safety. The most frequent STEC involved in human disease, E. coli
O157:H7, is commonly known as the “hamburger bug”, yet, sporadic
cases and rare outbreaks caused by this and other STEC serogroups,
are also due to ingestion of milk or milk products. This review
therefore focused on the recent advances in understanding of STEC
and their significance in milk and dairy products.

There are many difficulties in assessing occurrence of STEC.
Available analytical methods only aim at detecting the serogroups
or virulence markers, such as intimin, Shiga toxins, adhesins and
ing Escherichia coli (STEC) and their significance in dairy production,
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enterohemolysin associated with strains that caused outbreaks.
Again, as seen in the German outbreak, recombination of bacterial
DNA leading to new combinations of virulence genes in a new
pathogenic type, can pose new challenges in this regard. While
standard and validated methods are available and are recommended
for use in detection and isolation of E. coli O157:H7 from food and
animals, there are no standard protocols for their enumeration. For
the other STEC serogroups, which are currently considered a
potentially significant risk to human health, there are as yet no
internationally accepted and validated methods for detection or
enumeration. Pragmatic but still rather complicated approaches have
been developed. The application of a combination of effective selective
and differential plating media and molecular typing methods is needed
for routine monitoring and collection of the quantitative data which are
essential to better understand the associated human health risks.
Availability of such knowledge would help to define more effective
processing strategies to reduce contamination of raw food products.

According to EFSA (2007), there are a wide variety of STECs
associated with food producing animal populations, for which public
health importance remains unclear. Identification of potential virulence
factors continues, but understanding of the interactions between
virulence factors and host components remains incomplete. It is still
not possible to fully define human pathogenic STECs and to know a
priori if a given strain is a pathogenic STEC. This can only be done with
certainty a posteriori, after isolation from a patient (AFSSA, 2010).

Consequently, only potentially pathogenic strains can be detected,
leading to too high a number of warnings, or false alarms. If only stx
genes are sought, the prevalence of potentially pathogenic STEC can
appear high. Yet, when isolation of strains and serotyping is carried
out, or when the presence of more than one gene is sought, the
prevalence of potentially pathogenic strains in lactating animal faeces,
in milk and in cheeses is most often low, around 1% or less. The
possibility of a non-pathogenic strain acquiring pathogenic determi-
nants (like stx genes) through recombination remains. As a conse-
quence, a consensus is urgently needed on a scientific definition of
pathogenic STECs and the optimal strategy to define the set of
pathogenicity determinants that should be sought.

Once milk has been contaminated with STEC, they can subse-
quently grow in milk products produced from this contaminated
milk, if an intervention strategy like pasteurisation is not used. For
example, studies have shown that for artificially contaminated soft
cheese, E. coli O157:H7 is capable of surviving the cheese manufactur-
ing, ripening and storage processes. Many studies have documented
the effects of various intervention techniques on E. coli O157:H7.
Some of these interventions should also be tested on non-O157
serogroups, as it is known that variability among different serogroups
is large with regard to growth and survival properties. Further studies
are needed to understand the behaviour of STEC (other than O157:H7)
in dairy products and understand the impact of matrices and processes
on the expression of virulence factors.

At present, milk pasteurisation is generally advised. Regarding the
use of raw milk for the production of cheese or other milk products,
additional hygiene provisions should be used in the production of
such milk (CAC, 2004). Further research is needed to determine the
best combination of the available hurdles, viz. appropriate herd
management practices, elimination of high-shedders, vaccination,
diet and/or probiotics in feed that should be used. In addition, it is
necessary to reduce the circulation of strains between farms, and to
implement good hygienic practices on the farm. Particularly, not only
during raw milk cheese processing, but also for pasteurised dairy
products, strict hygiene is essential, and good manufacturing and
hygiene practices as well as HACCP principles should be followed
to prevent post-pasteurisation contamination. Safety of cheeses
is enhanced when production includes a combination of ade-
quate acid production and reduced aw, such as that found in
hard, aged cheeses.
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With respect to the prevention of sporadic cases of disease caused
by STEC, the question of the relevance of regular monitoring to
control STEC in food arises. End-product testing for STEC is not an
effective control strategy; therefore, it would be ineffective to set a
microbiological criterion because contamination rates in suspect
foods are very low. In addition, the presence of STEC is highly
improbable so the chance of obtaining isolates from samples in a
batch of food is small. The setting of a PO would be more likely to
prove useful.

The International Dairy Federation is aware of the risk posed by the
occurrence and possible growth of pathogenic strains of STEC inmilk and
dairy products. It is recognised that effective means for preventing milk
contamination at the farm are limited and that pasteurisation ensures
the safety of milk and milk products, for the most part. Interventions
during raw milk processing are limited and strict hygiene practices at
farm level need to be implemented in order to prevent contamination.
The number of cases of severe disease caused by STEC in dairy products
has remained quite low, probably thanks to the compliance with good
hygienic practices at the farm level.
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