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ABSTRACT

Although Escherichia coli O157:H7 has
received considerable attention in the United
States, other pathogenic E. coli strains are
also known to cause foodborne and water
borne illnesses. However, since these strains
have not received the same level of atten-
tion, from either a scientific or a public health
point of view, it is important for the food safety
community to understand the biology of these
bacteria. This manuscript is a review of the
current state of knowledge on the taxonomy
and pathogenicity of the non-O157 shiga toxin
producing E. coli strains (non-O157 STEC), as
well as their significance to human health. Of
this group, six serovars have been responsible
for most of the human disease outbreaks in
North America: 026, 045, 0103, O111, O121,
and O145. The methodology used for detec-
tion of these organisms is a key issue and is
also discussed in detail. Finally, current know-
ledge about the prevalence of non-O157
STEC in food, and possible methods of dis-
ease control and prevention, are reviewed.

“The authors of this article and editors of Food Protection
Trends dedicate this article to Mike Grant, who contri-
buted greatly to the successful completion of the project.
Mike passed away on 28 August 2010. His active
participation and love for food microbiology will be missed.”

INTRODUCTION

The species Escherichia coli consists of a large num-
ber of serovars, many (if not most) of which are not patho-
genic to humans. Those that are pathogenic are generally
classified into groups based on the presence of specific
virulence factors that impact the type of disease manifesta-
tion observed in infected individuals. These major groups of
E. coli are referred to as diffuse-adhering (DAEC), entero-
pathogenic (EPEC), enterotoxigenic (ETEC), enteroinva-
sive (EIEC), enteroaggregative (EAEC) and enterohemor-
rhagic (EHEC) (30). The most widely recognized serotype
of pathogenic E. coli associated with foods in the United
States (U.S.) is the enterohemorrhagic serotype O157:H7
or O157:NM. This serotype belongs to a group of Shiga
toxin-producing E. coli (STEC). Well over 100 different
E. coli serotypes in addition to O157 have been classified
as STEC (93), and it is this group of bacteria that is the
subject of this paper.

Among the STEC, E. coli O157:H7 has received the
most attention by the scientific and regulatory community
because of its association with several large outbreaks of
human illness with severe manifestations. As a result of a
large outbreak associated with undercooked hamburgers in
the Pacific Northwest in the fall of 1992 and spring of 1993,
the United States Department of Agriculture, Food Safety
and Inspection Service (USDA-FSIS) declared in 1994 that
E. coli O157:H7 was an adulterant in ground beef; a similar
pronouncement was made in 1999 regarding all non-intact
raw beef products (30).

In the U.S., twenty-three outbreaks of non-O157
STEC illnesses were reported between 1990 and 2007.
The common modes of transmission were food (pri-
marily), followed by person-to-person, lake water, ani-
mal contact and unknown sources (36). The main foods
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associated with human illnesses were salads, berries, milk,
cider and punch. The U.S. Centers for Disease Control
and Prevention (CDC) estalished illness caused by STEC
E. coli as areportable illness in 2000. As would be expected
with such a diverse group of bacteria, the reported ilinesses
are attributable to a wide variety of serotypes. However, six
serotypes accounted for 75% of the reported cases in the
U.S. (36): 026, 045, 0103, 0111, 0121, and O145.
Non-O157 STEC are a challenging problem because,
unlike 0157, they have no unique or distinguishing physi-
ological features or phenotypic characteristics to readily
distinguish them from other E. coli strains. As a result, it is
quite likely that our knowledge of non-O157 STEC in foods
and human health is limited by our relative inability to iden-
tify the bacteria. The burden of human illness from non-
0157 STEC is likely much greater than currently reported,
and based on our existing knowledge, food and water are
likely to be the leading modes of transmission. In 2008,
USDA-FSIS announced that testing would be done for
non-0157 STEC in regulatory ground beef samples taken
for O157 analysis (84). The intention of this action was to
better characterize the prevalence of these bacteria in
ground beef and to use this knowledge to inform risk-based
inspection of USDA-FSIS regulated products. Given the
association of non-O157 STEC with salads, it would seem
reasonable to conduct surveys to understand the pre-
valence of these organisms in leafy green vegetables.

TAXONOMY AND PHYSIOLOGY

Escherichia coli, as a group of bacteria, are Gram
negative short bacilli that belong to the family Enterobacte-
riaceae. They are generally motile, although many non-mo-
tile variants exist. As facultative anaerobes, they have both
respiratory and fermentative metabolism. They appear as
convex round colonies with entire edges on solid culture
media and are readily cultivatable on a variety of standard
nutritive media (74, 39).

Physiologically, E. coli are capable of growing over a
broad temperature range. Although the optimum temper-
ature is usually reported as 37°C, the range of growth is
considered to be between 7°C and 46°C. They are capable
of growing over a wide range of pH values as well, from
pH 4.5 to pH 9 (43). However, the nature of the acidify-
ing agent, the serotype and various environmental condi-
tions are also important; for example, E. coli have not been
reported to grow in cheese at pH values of less than 5.4.

As with other enteric bacteria, E. coli can be further
differentiated by the unique polysaccharide antigens ex-
pressed on the outer membrane (O antigens) and by the
protein antigens on their flagella (H antigens). The unique-
ness of these antigens is useful both for classification and
for development of diagnostic tests (92). Genetic charac-
terization is rapidly replacing traditional serotyping and
may be more relevant to human illness, as these methods
can allow for identification of strain-specific virulence fac-
tors (48).

Shiga toxin-producing E. coli (STEC), by definition,
produce Shiga-like toxins (Stx). There are two distinct
types of these toxins, referred to as Stx 1 and Stx 2, and a
given STEC strain may produce either one or both of the
toxins. Unfortunately, except for the production of Stx,

there are no other physiological characteristics that differ-
entiate STEC from other non-pathogenic E. coli. The one
exception to this is E. coli O157:H7, which does not ferment
sorbitol to produce acidic end products within 24 hours at
37°C. Sorbitol fermentation has formed the basis of meth-
ods to detect E. coli O157:H7 in contaminated foods, but
since other STEC do not display this characteristic, it is vir-
tually impossible to distinguish them from non-pathogenic
E. coli that are common co-contaminants in many foods
(36). This makes the detection and identification of STEC
in both food and clinical samples very difficult.

The available evidence suggests that STEC are physi-
ologically similar to other E. colistrains. From a food process-
ing point of view, perhaps the most significant physiological
characteristic is their tolerance to acidic environments. The
pH of many foods, including fermented products and fruit
juices, is in the acidic range, and although pH values below
4.4 effectively inhibit growth (43), the bacteria are capable
of surviving for weeks in such environments. STEC are be-
lieved to have a low infectious dose, so the mere presence
of even small numbers of these bacteria in foods may be
sufficient to cause human ilinesses (58).

MECHANISMS OF PATHOGENICITY

Pathogenicity in Shiga toxin-producing Escherichia
coli (STEC) is linked to several factors. From an environ-
mental perspective, the ability of the pathogen to survive in
foods and in the host gut is critical (59). A number of viru-
lence factors allow the organism to attach and colonize the
bowel, invade tissues, and produce toxins that contribute to
disease symptoms and progression. Significant virulence
factors associated with the pathogenicity of STEC have
been identified by means of histopathology of tissues taken
from patients with hemolytic uremic syndrome (HUS) and
hemorrhagic colitis and on studies using tissue culture and
animal models (60). Additional factors that influence patho-
genesis include the diversity of the serotypes that cause
disease as well as the infective dose and the level and type
of toxin produced.

Attaching and effacing

Many studies on the pathogenicity of STEC have
focused on elucidating the mechanisms of adherence and
colonization (48). Most highly pathogenic STEC, including
E. coli O157:H7, colonize the large intestine and produce
a characteristic histopathological feature known as the
attaching and effacing lesion (A/E) induced by a bacterial
type 111 secretion system. This lesion is characterized by
intimate attachment of the bacteria to the plasma mem-
branes of the host epithelial cells, localized destruction of
the brush border microvilli, and assembly of highly orga-
nized pedestal-like actin structures. By adhering to intes-
tinal epithelial cells, the STEC cells subvert cytoskeletal
processes.

All proteins associated with the formation of the A/E
lesion identified to date are encoded on a chromosomal
pathogenicity island known as the locus of enterocyte
effacement (LEE). These include structural components
of a type lll secretion system (TTSS), intimin, and trans-
located intimin receptor (Tir) and other effector proteins
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(37). One of these, intimin, is a 94-kDa outer membrane
protein encoded by the eae (E. coli attaching and effacing)
gene. The patterns of attachment and interaction of STEC
with epithelial cells are different when eae-positive and
eae-negative STEC are compared, with the eae-positive
strains producing the characteristic A/E lesion. Intimin
is exported via the general secretory pathway into the
periplasm, where it is inserted into the outer membrane by
a putative autotransport mechanism. Interaction of intimin
with host cells stimulates production of microvilli-like pro-
cesses.

TTSS components are associated with the virulence of
many Gram-negative bacterial pathogens. The TTSS ap-
paratus is a complex “needle and syringe” structure that is
assembled from the products of approximately 20 genes in
the LEE. Numerous effector proteins have been identified
in STEC cells, and these are translocated into the host cell
via the LEE-encoded TTSS.

Shiga toxins

STEC produce one or two Shiga toxins (Stx) (69).
Molecular studies of different E. coli strains have revealed
that Stx1 is either identical to the Stx of Shigella dysenteriae
type 1 or differs by only one amino acid. Several antigenic
variants of Stx1 have been described. Unlike Stx1, toxins
of the Stx2 group show significant genetic and antigenic
variability; they are not neutralized by antiserum produced
against Stx1 and do not cross hybridize with Stx1-specific
DNA probes. At least 11 antigenic and genetic variants of
Stx2 have been identified, including Stx2, Stx2c, Stx2d,
Stx2e, Stx2f, and Stx2g (60).

Shiga toxins act by inhibiting protein synthesis. How-
ever, the precise roles of Stx in mediating colonic disease,
HUS and neurological disorders have not been fully eluci-
dated, as there is no satisfactory animal model for hemor-
rhagic colitis or HUS, and the severity of disease precludes
study of experimental infections in humans. The involve-
ment of Stx in enterocolitis was demonstrated when fluid
accumulation and histological damage occurred after pu-
rified Stx was injected into ligated rabbit intestinal loops.
Histopathologic examination of kidney tissue from HUS
patients revealed profound structural alterations in the
glomeruli, the basic filtration unit of the kidney. Arteriolar
damage, involving internal cell proliferation, fibrin thrombi
deposition and perivascular inflammation, also occurs.
Neurological symptoms in patients and experimental ani-
mals infected with STEC have also been described and
may be associated with secondary neuron disturbances
that result from endothelial cell damage by Stx.

Plasmid mediated factors

Many STEC possess a highly conserved plasmid,
such as pO157, pSFO157 (19, 20), and pO113 (67). On
the basis of DNA sequence analysis, pO157, initially iden-
tified in E. coli O157:H7, has been shown to be a 92-kb
F-like plasmid composed of segments of putative virulence
genes in a framework of replication and maintenance re-
gions, with seven insertion sequence elements located
largely at the boundaries of the virulence segments. There
are 100 open reading frames, of which 19 have been

sequenced and implicated as potential virulence genes,
including those encoding a potential adhesin (ToxB),
Enterohemorrhagic E. coli (EHEC)-hemolysin, a serine
protease (EspP), a catalase and the StcE protein. ToxB
shares sequence similarity with the enteropathogenic
E. coli(EPEC) LifAand Efa-1 genes. The term EHEC-hemo-
lysin is used to distinguish it from a-hemolysin, to which it
is related but not identical. EHEC-hemolysin belongs to the
repeats-in-toxin (RTX) family of exoproteins. Four gene
products of the hlyCABD operon encode a pore-forming
cytolysin and its secretion apparatus. Toxicity results from
the insertion of HIyA into the cytoplasmic membrane of tar-
get mammalian cells, with resulting disruption of perme-
ability. The EHEC catalase-peroxidase is encoded by katP,
whose product is a bifunctional periplasmic enzyme that
protects the bacterium against oxidative stress, a possible
defense strategy of mammalian cells during bacterial infec-
tion.

In summary, STEC strains possess a number of fac-
tors that mediate their pathogenicity in humans. Current-
ly there is considerable diversity in the range and types
of virulence factors associated with STEC infections in
humans and food animals, which makes defining single
traits of virulence difficult. It is likely that virulence results
from a combination of factors.

ROLE OF STEC IN HUMAN DISEASE AND
THE ROLE OF HIGHLY PATHOGENIC STEC

Before E. coli O157:H7 was first associated with food-
borne outbreaks of bloody diarrhea, post-diarrheal hemo-
lytic uremic syndrome (HUS) was recognized as a distinct
clinical entity with a higher rate of occurrence in Argenti-
na than in the U.S. or the Netherlands (29). Shortly after
E. coli O157:H7 was associated with foodborne outbreaks
of bloody diarrhea, this and several non-O157 serotypes of
STEC were also causally linked to the occurrence of post-
diarrheal hemolytic uremic syndrome (HUS) (50, 53).

Inthe U.S. and several other countries, E. coliO157:H7
was quickly recognized as the primary STEC strain of
public health importance because of its association with
various foodborne, waterborne and child daycare outbreaks
of bloody diarrhea and HUS (83). This recognition was
facilitated by the unique biochemical characteristic of
E. coliO157:H7, i.e., the inability to ferment sorbitol, which
allowed the development of highly specific selective me-
dia that could be used in clinical microbiology laboratories.
However, individual cases of HUS and outbreaks of bloody
diarrhea associated with non-O157 STEC serotypes O111
and O26 were recognized throughout the world, and ap-
peared to be more common across Europe, South America
and in Australia (9). Unfortunately, as already stated, non-
0157 STEC cannot easily be distinguished from commen-
sal E. coli.

In 1999, Mead and colleagues estimated that
there were 73,000 E. coli O157:H7 infections, with up
to 3,000 cases of HUS, in the U.S. annually (568). They
estimated that the rate of illness associated with non-
0157:H7 infections was approximately half that for
E. coliO157. Mead’s estimate for O157 was based on data
collected from the first two years of active surveillance by
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TABLE 1. Methodologies to detect non-0O157 STEC’s
Method Limitations References

Cultural Methods

Enrichment No clearly identified selective agents 87, 88
specific to non-0157 STEC’s

Immunomagnetic separation | Need for specific antibody coated 94
beads to non-0157 serotypes

Selective/Differential Media Lack of clearly identified selective 8,42, 65
and differential agents

Immunological Detection Need for antibodies specific to strains 30, 70

Verotoxin Detection Identifies presence of toxin, but not specific strain 1,72

PCR Specific for toxin genes, but not specific 10, 28, 95
for serotype

Alternate Methods Microarrays, conductance, flow cytometery;
experimental and not commercially available

FoodNet. However, the non-O157 estimate was derived
from preliminary studies conducted outside of FoodNet
(44). More recently, FoodNet has implemented active
surveillance for non-O157 STEC, and the diagnosed rate
of non-0O157:H7 infections (0.57/100,000 population) re-
mains about half the rate of E. coli O157:H7 infections (1.2/
100,000 population) (22). Although the results of FoodNet
active surveillance eliminated potential reporting bias as a
cause of the different rates for E. coli O157:H7 and non-
0157 STEC, they still reflect differences in laboratory diag-
nostic practices required to establish the diagnosis.

Perhaps the best perspective on the role of various
STEC strains in human health can be provided by the ex-
perience of Argentina, which has an incidence rate of HUS
at least twice the rate reported in the US (77). In a prospec-
tive study of STEC infection among children in Argentina,
60% of culture-confirmed STEC infections were caused by
0157:H7. Sixteen other STEC serotypes have been impli-
cated in disease, the most common of which, O145:NM,
accounted for 29% of the non-O157 STEC infections. How-
ever, E. coli O157:H7 was isolated from 85% of patients
with confirmed or probable HUS, compared with 53% of
patients without HUS (77). These data better define the
current epidemiology of STEC infections. Non-O157 STEC
appear to be as common as O157:H7 strains as a cause of
diarrheal iliness, but most non-O157 STEC are not associ-
ated with severe clinical outcomes.

Highly pathogenic STEC

The epidemiology of human STEC infections dem-
onstrates that E. coli O157:H7 is more pathogenic than
most strains of non-O157 STEC and that highly pathogenic
non-0157 STEC share many of the same virulence factors
as E. coli O157:H7. However, the precise combination of

factors that contributes to the pathogenicity of E. coli
0157:H7 and other highly pathogenic STEC is not fully
known (25). Early analysis identified Stx2-producing, eae-
positive STEC as more likely to be associated with HC and
HUS (16) although some highly virulent STEC such as
serotype 026:H11 produce only Stx1. Serotype appears to
remain an important indicator of virulence, and Karmali et
al. (62) recently classified STEC into five seropathotypes
(A through E) based on the frequencies of their associa-
tions with outbreaks and/or severe disease. Seropathotype
A (E. coli O157:H7/NM) has the highest frequency/severity
and seropathotypes D and E the lowest, producing mild
disease, if any. This may form the basis of a molecular ana-
lytic method that can be used to compare strains based
on sequence analysis of pathogenicity islands. Such an
approach could be used to discriminate highly pathogenic
STEC strains from those posing less serious public health
risks (91). Clearly, establishing a functional definition of
highly pathogenic STEC will be necessary as we seek to
evaluate the need for regulatory control of these organisms
in food or in the environment.

METHODS OF ENRICHMENT AND DETECTION

The primary limitation in the understanding of non-
0157 STEC is the lack of standardized methodology to
either detect or quantify the bacteria. Because of the lack
of standardized, commercially available methods, much
of the methodology is based on developments with E. coli
0157:H7. However, O157:H7 is a single, specific serotype,
while the non-O157 STEC are a group of different sero-
types. Developing assays to detect or enumerate multiple
serotypes, particularly when there are similar serotypes
that are not pathogenic, is challenging. These method-
ological approaches and their limitations are summarized
in Table 1.
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Cultural methods

Procedures for detection of non-O157 STEC are ham-
pered by a lack of known physiological characteristics that
distinguish these strains from non-pathogenic E. coli. Diffi-
culty in detection is also exacerbated by the ability of STEC
to be internalized in foods and to survive for long periods
of time (31). However, because of their potential to cause
serious disease, it is important to be able to detect small
numbers of STEC even in complex food samples, such as
those in which competitors greatly outnumber STEC. Even
though awareness of the potential importance of non-O157
STEC has grown, there has been a tendency to use de-
tection methods developed for O157:H7. Such approaches
may lead to inaccurate conclusions.

Enrichment procedures pertinent to all STEC

In spite of the inherent difficulties, attempts have been
made to optimize methods for selective enrichment of
non-0157 STEC. Vimont et al. (87) reviewed enrichment
protocols from a total of 380 experiments, identifying key
variables that included type of broth medium, presence
of antibiotics, and/or selective ingredients and incubation
time/temperature. No clear conclusions or recommenda-
tions could be drawn, and more extensive work, which
would include multiple serotypes and sample matrices,
was suggested. In a subsequent study, Vimont et al. (88)
examined the comparative growth of background micro-
flora and two strains of fluorescent, ampicillin-resistant
non-0157 STEC inoculated into bovine feces. They found
a simple competitive interaction, with the growth of STEC
terminating as soon as the background microflora reached
a maximal level of 8 log,, CFU mlI"', which was relatively
constant across all enrichment protocols. Use of EC broth
appeared more favorable for enrichment of the test strains
than other evaluated media .

Incorporation of IMS to facilitate enrichment
and isolation

Immunomagnetic separation (IMS), which provides
enhanced isolation capacity through the use of paramag-
netic beads coated with specific antigens (94), has become
particularly popular. Many studies have continued to use
anti-O157 beads, and then make observations as to how
this method may be pertinent to non-O157 serotypes af-
ter further characterization of isolates. Utilization of IMS is
likely to expand, as beads specific for 026, 0103, O111
and 0145 are now available.

Evaluation of selective media applicable to non-
0157 STEC

Several chromogenic culture media have been devel-
oped for the detection of E. coli 0157, and studies have
been conducted to determine whether these are also ap-
plicable to non-O157 serotypes.

Current chromogenic agars are based primarily on
traits such as sorbitol fermentation, glucuronidase activ-
ity and galactosidase activity, and are largely effective for
discrimination of O157:H7. However, their usefulness for
differentiation of non-O157 STEC is mixed. For example,

Bettelheim (8) found that all sorbitol negative, shiga-like
toxin-producing (SLT) strains of 0157:H7 and O157:H- pro-
duced highly characteristic gray-black or steel-black colo-
nies on Rainbow™ Agar 0157, but interpretation of the re-
sults from non-O157 cultures was more complex. Several
toxigenic strains of 0111, 026 and 0128 produced deep
blue-black colonies, which would allow their discrimina-
tion; however, other serotypes previously associated with
HUS yielded red, pink or mauve colonies indistinguishable
from SLT-negative generic E. coli. Additional studies utiliz-
ing Rainbow agar include those of Muller et al. (65) and
Ingram et al. (42) as applied to water and clinical samples,
respectively.

Attempts have therefore been made to utilize other
characteristics for differentiating non-O157 STEC using
media. Enterohemolysin agar was developed based on
the observation by Beutin et al. (13) that many non-O157
and most O157:H7 strains produce narrow turbid zones of
hemolysis on blood agar supplemented with sheep RBC
and Ca* ions, evident after 18—24 h of incubation. This
medium is commercially available and effective, with
some caveats: enterohemolysin-positive colonies must be
screened for Stx production, some non-O157 STEC and
sorbitol-fermenting O157 do not produce enterohemolysins,
and large enteric populations or non-STEC o-hemolytic
colonies can interfere (49) with interpretations.

Enumeration/quantification

Few studies have attempted to quantify non-O157
strains or to establish a correlation with standard indicators,
such as E. coli enumerated by the most probable number
(MPN) method. However, quantitative methods used for
0157 STEC are likely applicable to non-O157 STEC’s. Jor-
dan et al. (47) monitored E. coli O157:H7 levels in spiked
cheese and milk and could detect 1 CFU/g and 4 CFU/10
ml, respectively, by using CT-O157:H7 ID medium, which
was more sensitive than TCSMAC by approximately two
logs. Mora et al. (62) studied STEC in minced beef, com-
paring E. coli MPN and Petrifilm. The largest percentage of
non-0157 STEC (28%) was found in samples with > 999
MPN/g. Fremaux et al. (35) utilized a MPN procedure us-
ing 96-well plates and testing each well for Stx. Fox et al.
(34) determined the sensitivity and specificity of 0157 MPN
methods and observed that the most useful approach was
pre-enrichment direct streaking of 1:10-diluted feces in trip-
licate. Similar approaches may be applicable to non-O157
STEC's.

Use of immunologically-based methods for the
detection of non-O157 from clinical and food
samples

Most immunological detection methods for O157 and
non-0157 strains rely on the detection the Shiga toxins or
other cellular antigens. Originally, some of these tests were
designed for the detection of O157 strains only but also
have application for non-O157 strains. These assays are
based on immunocapture, sometimes in the lateral flow kit
format. Detection from contaminated foods must be pre-
ceded with a primary enrichment phase to increase the
population of the organism and its associated antigen to a
detectable level, usually lasting between 8 to 24 hours. In

JANUARY 2011 | FOOD PROTECTION TRENDS 37



a recent white paper, Eblen (30) commented that although
there is a need for test kits specifically designed to rapidly
identify pathogenic non-O157 E. coli strain types, there
appears to be little impetus for diagnostic companies to
develop them because of a limited market. Perelle et al. (70)
noted that the five main serogroups most often associated
with foodborne illness are 026, 0103, 0111, 0145, and
0157:H7, so future assays may focus on these strains.

DETECTION OF NON-O157 STEC IN FOOD-
STUFFS

Research on detection of non-O157 VTEC in foodstuffs
is limited. Although research has been focused largely on
the detection of O157 type strains, those methods do have
potential application to non-O157 strains.

Aldus et al. (1) designed and developed a novel dip-
stick and lateral flow immunological method for the detec-
tion of one or both of the Stx 1 and Stx 2 toxins simultane-
ously. The test was, however, limited by lack of antibody
that could be used to detect strains producing VT 2 solely,
and combinations of VT 1 and 2 were necessary for posi-
tive results.

Pontell et al. (72) used immunoassays to evaluate
0157 and non-O157 strains recovered from 352 food sam-
ples collected in the Lombardy region of Italy. Samples test-
ed included raw milk, fresh meat (beef, veal), dairy foods,
and processed and salted meats. The two immunoassays
used were the Premier EHEC test, designed to identify
toxin presence in foods, and the Vidas ECO analyzer, an
automated immunoassay, designed to specifically identify
E. coli O157:H7. The study detected non-O157 STEC’s in
two samples, with five additional raw milk and cheese curd
samples displaying weakly positive reactions and subse-
quently yielding non-typable E. coli isolates. The research-
ers noted that the Premier EHEC gave better detection
rates for VTEC-producing strains than the ECO VIDAS,
which detected serotype O157 exclusively.

Detection of VTEC using verocell assays

Moreira et al. (63) investigated the direct isolation of
STEC from cattle feces and toxin detection using Vero
cells. Of 1127 E. coli isolates recovered from cattle, 243
were tested for verotoxins; overall, 49% of the animals
tested were positive for verotoxin-producing E. coli strains.
Pathogenic isolates represented serogroups 0157, 091,
0125, 0119, 0112 and 029, some of which were associ-
ated with human disease.

PCR-based methods

Because of the lack of distinguishing physiologi-
cal characteristics and their serological diversity, the only
broadly applicable targets for non-O157 STEC strains are
direct detection of the verotoxins or detection of the stx1/
stx2 genes encoding these toxins (70). A very large num-
ber of PCR-based methods have been used in this regard,
some of which are quite rapid and amenable to multiplex-
ing, although these are primarily research tools and not
commercially available as kits. Certain caveats apply when
using DNA-based detection methods, including concerns
about amplification of DNA from non-viable cells and inhibi-

tion by components of certain samples (28), but these are
increasingly addressed by inclusion of internal controls and
other means by which to assure detection of viable cells
(95).

Efforts to expand the number of isolates detected
in a sample

Colony lift hybridization methods have been applied in
an effort to increase isolation of non-0O157 STEC strains,
particularly when these are present at low concentrations
relative to background microflora. In this regard, Nielsen
and Anderson (68) isolated STEC from cattle feces by en-
richment followed by analysis for stx7/stx2 genes. Positive
samples were screened by colony hybridization, which per-
mitted simultaneous probing of colonies on 1600-cell mem-
branes. This approach facilitated characterization of many
more isolates than in previous studies and was highly ef-
ficient, allowing isolation of a single STEC colony from ap-
proximately 500 background coliform organisms. The same
method was used by Cobbold and Desmarchelier (23) in a
year-long survey of bovine fecal and dairy environmental
samples. Enrichments that were positive for stx genes by
use of PCR were filtered through a HGMF filter and sub-
jected to DNA hybridization targeting the stx genes. Sub-
sequent testing for four serogroups permitted evaluation of
multiple STEC strains over time and by cattle group.

Alternative strategies for the detection of non-
0157 STEC

Alternative strategies for the detection of non-O157
strains can theoretically follow the typical approaches used
in the detection of O157 type strains, including microar-
rays, conductance, sensors, immunomagnetic separation
and flow cytometry.

PREVALENCE OF NON-0O157 STEC
IN ANIMAL FOOD PRODUCTS

Soon afterinitial reports that 0157 and non-O157 STEC
were the cause of hemorrhagic colitis (HC) and hemolytic
uremic syndrome (HUS) in humans, STEC were identified
as zoonotic foodborne/waterborne pathogens harbored in
the intestinal tract of healthy cattle and other ruminants (712,
50). Shedding of STEC in manure at levels up to 10 CFU/g
can result in hide contamination and dissemination into the
immediate environment and local water supplies (72). In
light of this ecology, meats, milk, water and fresh produce
are the most frequently implicated vehicles of STEC infec-
tion (12, 21, 31, 36). STEC strains belonging to over 400
serotypes have been isolated from humans, animals and
food-related sources (9), (http://www.microbionet.com.au/
vtectable.htm, http://www.usc.es/ecoli/index.html). Howev-
er, many non-O157 serotypes from food animals and foods
have not been linked to human disease, or have lower out-
break potential and cause less serious disease than 0157
STEC (44, 51).

Concern about non-O157 STEC has increased pri-
marily because of several outbreaks, most of which have
been foodborne (36, 80). However, outbreaks account for
less than 20% of reported STEC 0157 infections (89), and
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the same appears to hold true for non-O157 infections (44).
Because they are less likely than O157 STEC to cause
outbreaks or severe disease and because they are more
challenging diagnostically, many non-O157 infections may
not be investigated fully and their sources may thus remain
undetermined. Consequently the true burden of illness due
to non-0157 STEC infections, many of which are likely to
be foodborne, is probably underestimated.

Reports of 0157 and non-0157 STEC in foods from
numerous countries reveal wide variation in prevalence
estimates (37, 33, 40, 41). While differences in food pro-
duction practices and geographic, seasonal and climatic
factors influence prevalence, much of the variability results
from differences in study design and in the methods used
for detection and isolation of all STEC. The most reliable
estimates of the true prevalence of any STEC in foods are
derived by testing food enrichment cultures for stx genes
or Stx production. Given the challenges of isolation of
non-0157 STEC, prevalence estimates of these strains
are probably relatively unreliable unless hundreds or thou-
sands of individual colonies are tested for Stx production
or the presence of stx genes. These methodological chal-
lenges deserve consideration in interpretation of preva-
lence estimates.

Meats

Meats become contaminated on carcass surfaces, pri-
marily at slaughter, during hide removal and bung prepara-
tion (31, 40); contamination may also occur during subse-
quent carcass washing and dressing, during post-dressing
processing such as grinding, and by cross-contamination
during packaging, handling and food preparation. Ground
(minced) meats pose a particular risk, because grinding re-
sults in comingling (spreading) and internalization of the
bacteria, meaning that product must be cooked thoroughly
for adequate bacterial inactivation. Fermented sausages
and other meat products that are not heated to lethal cook-
ing temperatures also appear to carry a particularly high
risk.

Beef

Non-O157 STEC are more prevalent than 0157 STEC
in beef products. Data from numerous countries indicate
that while STEC 0157 is rarely present in more than 1% of
raw beef products, the prevalence of non-0O157 or “STEC-
positive” E. coli strains in raw beef ranges from 2.4 to
49.6% (31, 40). Also, STEC were present in 63% of ground
veal samples (78). Overall, a range of 5-40% is consistent
with early estimates of all STEC in raw beef in Canada,
the U.S. and the United Kingdom, where reliable methods
for detection of Stx were used (45). In the U.S., stx genes
were detected by PCR in enrichment cultures of 5.7-26.2%
of samples of domestic beef and 1.8-15.6% of samples
of imported beef (54). Similar methods revealed STEC
prevalence ranging from 15.5 to 33.3% in beef in Canada
(4), Australia (7), France (6) and Sweden (57). Interest-
ingly, only 1.1% of domestic Swedish beef had evidence
of STEC contamination, and a similarly low prevalence of
contamination (0-5.9%, including STEC O157) was report-
ed by eight member states of the EU (33). Although caution

is recommended in interpreting these EU data, both O157
and non-0157 STEC appear to be less prevalent in cattle
meat products in several European countries than in other
countries.

Sheep and other ruminant meats

Since STEC are also prevalent in sheep (712), sheep
meat products are likely to be contaminated with STEC.
The fleece of sheep is frequently STEC-positive (564), sug-
gesting that contamination occurs by pathways similar
to those described for beef meats. The prevalence of stx
genes in cultures of lamb meats in the U.S. and Australia
ranged from 47.6 to 75% (7, 78) and were lower in Bel-
gium (6%) (71) and in the EU (0%) in 2005 (33). Meats
from goats and wild or exotic ruminants (deer, antelope,
etc.) can also contain STEC, as suggested by a small study
demonstrating that STEC strains were present in 22—100%
of meats from several of these species (71).

Meats from other species

The reported prevalence of STEC in pork products
is relatively low, including the absence of the organism in
Belgian pork (71), and prevalence of 0-6.2% in the EU
(33), 15.3% in Canada (74) and 18% in the U.S. (78).
Although STEC 0157 and several non-O157 STEC im-
plicated in human disease have been isolated from pigs
and/or pig meat, most STEC from pigs are those associ-
ated with porcine edema disease and are rarely isolated
from humans (38). Also, the presence of STEC in pigs may
be due to contaminated feed and associated with farms
having multiple production species, and may therefore
be due to transmission from ruminants. Without on-farm
exposure or the potential for post-production contamina-
tion, pork meats appear to pose a lower risk than ruminant
meats as a source of human exposure to STEC.

Poultry products also appear to carry little risk; the
prevalence rates of STEC in these products are generally
less than 1% (71, 74). At retail locations in the U.S., how-
ever, 6.7% of turkey samples and 12.1% of poultry samples
were STEC-positive (78), possibly due to post-production
cross-contamination during handling and packaging. STEC
may also be found in fish or shellfish (37, 78) but appear to
pose little risk to humans. However, since some seafoods
are consumed with little or no cooking, there may be a
potential for transmission to humans through consumption
of these foods.

Dairy products

Milk and dairy products from cattle and other milk-pro-
ducing ruminants are also potential vehicles of STEC and
have been linked to outbreaks of both 0157 and non-O157
STEC infections (33). Milk becomes contaminated from
skin, hides and the dairy environment during milking. Since
both 0157 and non-O157 STEC are sensitive to pasteuri-
zation, raw milk and raw milk products are the main pub-
lic health risks, which are greater in countries where raw
milk and raw milk cheeses are consumed more frequently.
Estimates of the prevalence of STEC in raw milk products
from cattle, sheep and goats vary considerably, ranging
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from 0-16.7% (31, 33, 41). The wide variation in these es-
timates again reflects differences in methodology as well
as regional and cultural differences in agri-food practices.

Significance of STEC in animal food products

Among the many factors influencing the health risks
from STEC associated with the consumption of animal food
products, the most significant are the levels of contamina-
tion, the survival of the organism during processing and
preparation, and the virulence of the contaminating strains.
Limited data suggest that levels of STEC O157 and prob-
ably non-O157 STEC in meats and milk are usually low
(less than 10 CFU/g or ml) and that without further inactiva-
tion, they can survive for weeks or months in milk and meat
products (31). At these relatively low levels of contamina-
tion, the potential risks associated with residual STEC in
foods appear to be influenced strongly by their virulence.

Of the hundreds of STEC serotypes isolated from
foods of animal origin, fewer than 20 O-serogroups have
been associated with outbreaks, and over 30 others have
been linked repeatedly to serious human disease (9, 36,
44, 51, 80). Consequently, not all STEC constitute the
same health risks, which makes it very difficult to evalu-
ate risk. Although many virulent STEC are among the more
common serotypes isolated from ruminants and their pro-
ducts (40, 41, 45), serotype alone cannot be relied upon
as a clear indicator of virulence. STEC virulence is strongly
associated with the type and subtype of Stx and with mobile
genetic elements such as the LEE and other pathogenic-
ity islands, presence of all of which can be variable within
serogroups and serotypes (51, 80). Moreover, new se-
rotypes of virulent STEC will likely emerge as the result
of transfer of these mobile virulence-associated genetic
elements (12, 51).

Control of STEC in animal food products

Interventions during slaughter, dressing and process-
ing can reduce carcass contamination and hence the levels
of STEC and other pathogens in meat products. Similarly,
STEC contamination of milk products can be effectively
reduced by processing interventions including pasteuriza-
tion and exposure to acidic conditions. Further reductions
in meat contamination are likely to be achieved with the in-
troduction of recently developed on-farm and pre-slaughter
interventions commonly employed to reduce the incidence
of E. coli O157.

CONTROL OF ESCHERICHIA COLI NON-
0O157:H7 IN ANIMALS, PLANTS AND WATER

Microbial contamination originating from animal fecal
waste can serve as the source of STEC contamination to
soil, or to water used for irrigation or washing of plant crops.
Thus, E. coli 0157 and non-O157 STEC strains are found
in meat products such as ground beef, in water and in pro-
duce. However, most published studies on various aspects
of STEC in foods deal with serotype 0157, which has been
implicated in documented foodborne illness outbreaks,
especially through consumption of undercooked ground
beef, in which it has been declared an adulterant. Thus,

there is a need to control serotype O157 and all other
pathogenic STEC, as well as all pathogens in foods where
they are documented to persist and cause human health
problems.

Animals

Methods to control E. coli O157:H7 in animals should
be equally effective in controlling the non-O157 STEC, and
this has been confirmed by Cutter and Rivera-Betancourt
(26), who demonstrated that decontamination interventions
used by the beef industry during slaughter and dressing
(i.e., water, hot water, organic acids and trisodium phos-
phate) were similarly effective against E. coli O157:H7,
other STEC serotypes, and Salmonella.

Plants

Most studies of pathogenic E. coli in produce have
focused on O157:H7. Because non-O157 STEC share
many physiological characteristics with O157:H7, it is likely
that the same control measures will work for both E. coli
groups.

The importance of effective control measures is illus-
trated by the growing number of outbreaks and cases of
foodborne illnesses linked to fresh produce. A CDC sur-
vey of U.S. outbreaks between 1973 and 1997 revealed
non-0157 STEC outbreaks associated with consumption
of carrots and pineapple (87). An additional 13 outbreaks
were linked to E. coli O157:H7, and it is likely that others
occurred, although EHEC infections were not reportable
during much of this period. Another analysis of produce-
related outbreaks during the period 1990-2004 conclud-
ed that 27 out of 84 were due to pathogenic E. coli (17).
Between 1990 and 2007, there were eleven documented
foodborne disease outbreaks with non-O157 STEC's in the
U.S. (36). Of these, the source was never identified in 5
outbreaks, while the sources of the remaining 6 fell into no
particular category but included a salad bar, salad, berries,
milk and ice. The largest E. coli O157:H7 outbreak ever
recorded was due to consumption of contaminated radish
sprouts in Japan in 1996 (61).

Overall, the incidence of O157:H7 in produce has
been reported to be very low. Arthur et al. (3) found no
verotoxigenic E. coli in 1,183 samples of Ontario-grown
produce. Surveys of fresh produce in the U.S. screened
in 2000-2002 and 2003-2004 returned no positive results
from 398 and 2,029 samples, respectively (46, 64). Howev-
er, in spite of these generally encouraging results, there are
reasons for concern (2). The low infective dose of STEC
makes detection of small numbers of the organism critical,
and detection may be compromised by large numbers of
non-pathogenic competitors (27). Furthermore, STEC may
be internalized in plants and are capable of long-term sur-
vival in the environment (37).

Produce washing

One or more post-harvest washing steps are common
to most produce items. Washes may involve only water, or
water supplemented with disinfecting agents. Regardless
of the wash used, conditions such as flow velocity, agita-
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tion rate and contact time impact the degree of reduction
of pathogen populations on produce during washing (90).
Commercially available sanitizers have been evaluated for
their potential to effect a 5 log reduction of E. coli O157:H7
in artificially inoculated fresh produce of various types. For
example, treatment of apples, tomatoes, and oranges with
1.5% lactic acid and 1.5% hydrogen peroxide at 40°C re-
sulted in pathogen reduction of > 5 log CFU per fruit, while
a simple deionized water wash resulted in only a 2 log re-
duction (85). However, results in commercial settings may
vary widely.

Inclusion of hypochlorite or hypochlorous acid in pro-
duce wash solutions, typically at 50 — 200 ppm, is perhaps
the most common approach to microbial load reduction
(55). However, chlorine may also be less effective when
pathogens gain access to the interior of the produce (32).
A common approach to enhancing the effectiveness of
chlorine is to use it in combination with acids or other bac-
tericidal treatments.

Microbial antagonism

Reduction of E. coli O157:H7 and other pathogens
through microbial antagonism has been investigated as
an alternative to more traditional chemical and physical
sanitizers. The potential for reduction of E. coli O157:H7 on
pre-harvest produce was illustrated by the study of Cooley
et al. (24), who demonstrated that the intentional addition
of Enterobacter asburiae decreased E. coli O157:H7 sur-
vival on lettuce 20-30 fold.

Physical controls

Inactivation of STEC by ionizing irradiation has been
examined in several recent studies. Three strains of
E. coli 0157 in clarified apple juice demonstrated D,
values ranging from 0.12 to 0.21 kGy (71). After acid
adaptation, these values increased to 0.22—-0.31 KGy. The
authors concluded that a 1.8 kGy dose should provide
5 log inactivation.

Water

Reports concerning STEC control measures in water
deal primarily with E. coli O157:H7. These studies are de-
scribed here on the assumption that other E. coli serotypes
respond in a broadly similar fashion to control measures
such as chlorination, filtration, predation, etc.

STEC strains transmitted by waterborne routes have
been the cause of several outbreaks. Between 1989 and
2004, 23 outbreaks occurred, including 12 cases in Japan
linked to 026:H11 and 11 cases in Connecticut linked to
0121:H19 (66). llinesses have been associated with water
used for a variety of purposes, including recreational water,
drinking water and irrigation water. However, the three larg-
est outbreaks between 1989 and 2004 were due to drinking
water contaminated with O157:H7 in Ontario, New York,
and Missouri (66).

Wastewater

Control of pathogens in human wastewater has been
practiced for decades, including such standard techniques

as filtration, chlorination, and UV and ozone treatment (76).
Long experience with these methods should provide infor-
mation on effective control. However, the ability of STEC
to survive in wastewater is notable and can serve as the
source of contamination of groundwater, irrigation water or
water used in livestock production. A study of five STEC
strains in dairy lagoon microcosms was conducted to
evaluate the effect of circulating aerators (73). The impor-
tance of appropriate treatment of sludge and manure was
also emphasized in an extensive study with 752 samples,
including bovine and porcine feces (86). Twenty-four per-
cent contained Stx-positive isolates, representing 21 VTEC
strains.

The potential for pathogen dissemination in gray wa-
ter (waste water from residential use which does not in-
clude sewage) has also been evaluated (75). Consistently
high levels of indicator organisms indicated the need for
treatment if the water is to be used for recycling. However,
E. coli O157:H7, and by implication the non-O157 STEC's,
was not detected in any sample.

Surface water

Surface waters represent an intermediate potential for
STEC contamination, with wastewater having the highest
enteric bacterial populations and ground waters (because
they are typically purified by natural filtration processes),
having the lowest. In 1999, 36 people were infected with
E. coli O157:H7 as a result of swimming in a lake in Wash-
ington state (79). PFGE patterns of isolates from duck
feces and water samples were identical to those of patient
isolates. Five other outbreaks associated with recreational
waters had been reported prior to the Washington out-
break.

Drinking water

Litle work has been done with non-O157 STEC
strains, but E. coli O157:H7 is not unusually resistant to
chlorination practices commonly used to purify water. An
EPA report noted that inactivation rates of E. coli O157:H7
and wild-type E. coli were similar (75). Water utilities in the
U.S. maintain a median chlorine residual of 1.1 mg/L, with
a 45 minute lapse before the first point of use in the dis-
tribution system. E. coli O157:H7 is therefore unlikely to
survive conventional water treatment practices. However,
the possibility of acquiring STEC infection from drinking
water remains. For example, not all municipal water utili-
ties use chlorine, and adverse conditions can greatly di-
minish chlorine levels (75). Proper maintenance of wells
is also crucial and sometimes overlooked. Weather con-
ditions may also degrade drinking water quality. The larg-
est waterborne O157:H7 outbreak on record, 2,000 cases
in Ontario, Canada, was apparently caused by municipal
water contaminated by a heavy rainfall event immediately
prior to the outbreak (5).

Livestock drinking water

If water provided to livestock is contaminated with
fecal material or otherwise of poor microbiological quality,
it may serve as a source of transmission of STEC. In a
study of 473 cattle water troughs, E. coli 0157 was found
in 1.3% (56). By additional use of experimentally inoculated
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indicator microcosms into water troughs, the authors con-
cluded that these troughs are a major source of exposure
to enteric bacteria. It does appear that contamination may
be controlled by manipulating factors such as exposure to
sunlight, cleaning frequency, trough design, and protozoan
predation. Trough water with turbidity scores above 4 were
correlated with total E. coli counts > 5,800 CFU/100 ml and
greater likelihood of E. coli O157:H7 (82).

CONCLUSIONS

The role of non-O157 STEC’s in foods are best un-
derstood from known outbreaks, as there has been little
monitoring or surveillance in the food supply. This is largely
attributable to the lack of standardized methods for the
detection or enumeration of these bacteria in food matri-
ces, and perhaps also to the lack of agreement on which
serotypes are most important. Non-O157 STEC’s present
a methodological challenge similar to that of salmonellae,
where the methods have to be equally sensitive as applied
to multiple strains. Unlike salmonellae, however, there are
many serovars of E. coli which are not human pathogens,
and the challenge then becomes to separate the patho-
genic strains from the non pathogenic strains. The current
regulatory interest in non-O157 STEC’s will undoubtedly
spur further developments in methodologies, as it did with
E. coli O157:H7. Until then, our knowledge of non-O157
STEC’s in foods will likely be limited to specific outbreak
investigations and may perhaps be best described as
“things we do not know we don’t know.”

ACKNOWLEDGMENT

The authors would like to thank Didi Loynachan for her
assistance in the preparation of the manuscript.

REFERENCES

1. Aldus, C.F., A. van Amerongen, R. M. C. Arlens, M. W.
Peck, J. H. Wichers, and G. M. Wyatt. 2003. Principles
of some novel rapid dipstick methods for detection and
characterization of verotoxigenic Escherichia coli. J. Appl.
Micr. 95:380-389.

2. Armstrong, G. L., J. Hollingsworth, and J. G. Morris, Jr.
1996. Emerging foodborne pathogens: Escherichia coli
0157:H7 as a model of entry of a new pathogen into
the food supply of the developed world. Epidemiol. Rev.
18:29-51.

3. Arthur, L., S. Jones, M. Fabri, and J. Odumeru. 2007.
Microbial survey of selected Ontario-grown fresh fruits
and vegetables. J. Food Prot. 70:2864-2867.

4. Atalla, H. N., R. Johnson, S. McEwen, R. W. Usborne,
and C. L. Gyles. 2000. Use of a shiga toxin (Stx)-
enzyme-linked immunosorbent assay and immunoblot
for detection and isolation of Stx-producing Escherichia
coli from naturally contaminated beef. J. Food Prot.
63:1167-1172.

5. Auld, H., D. Maclver, and J. Klaassen. 2004. Heavy
rainfall and waterborne disease outbreaks: the Walkerton
example. J. Toxicol. Environ. Health A 67:1879-1887.

6. Auvray, F., C. Lecureuil, J. Taché, V. Leclerc, V. Deper-
rois, and B. Lombard. 2007. Detection, isolation and
characterization of shiga toxin-producing Escherichia
coli in retail-minced beef using PCR-based techniques,
immunoassays and colony hybridization. Lett. Appl.
Microbiol. 45:646-651.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Barlow, R. S., K. S. Gobius, and P. M. Desmarchelier.
2006. Shiga toxin-producing Escherichia coli in ground
beef and lamb cuts: results of a one-year study. Int. J.
Food Microbiol. 111:1-5.

Bettelheim, K. A. 1998. Studies of Escherichia coli cul-
tured on Rainbow™ Agar O157 with particular reference to
enterohaemorrhagic Escherichia coli (EHEC). Microbiol.
Immunol. 42:265-269.

Bettelheim, K. A. 2007. The non-O157 shiga-toxigenic
(verocytotoxigenic) Escherichia coli; under-rated patho-
gens. Crit. Rev. Microbiol. 33:67-87.

Bettelheim, K. A., and L. Beutin. 2003. Rapid laboratory
identification and characterization of verocytotoxigenic
(Shiga toxin producing) Escherichia coli (VTEC/STEC).
J. Appl. Microbiol. 95:205-217.

Beuchat, L. R., B. V. Nail, B. B. Adler, and M. R. Clavero.
1998. Efficacy of spray application of chlorinated water
in killing pathogenic bacteria on raw apples, tomatoes,
and lettuce. J. Food Prot. 61:1305-1311.

Beutin, L. 2006. Emerging enterohaemorrhagic
Escherichia coli, causes and effects of the rise of a human
pathogen. J. Vet. Med. B 53:299-305.

Beutin, L., S. Zimmermann, and K. Gleier. 1996. Rapid
detection and isolation of shiga-like toxin (verocytotoxin)-
producing Escherichia coli by direct testing of individual
enterohemolytic colonies from washed sheep blood
agar plates in the VTEC-RPLA assay. J. Clin. Microbiol.
34:2812-2814.

Birdson, E. 1993. The Oxoid Vade-Mecum of Microbiol-
ogy. Unipath, Ltd. Basingstoke, UK.

Birks, R., and S. Hills. 2007. Characterization of indica-
tor organisms and pathogens in domestic greywater for
recycling. Environ Monit. Assess. 129:61-69.

Boerlin, P., S. A. McEwen, F. Boerlin-Petzold, J. B.
Wilson, R. P. Johnson, and C. L. Gyles. 1999. Associa-
tions between virulence factors of Shiga toxin-producing
Escherichia coli and disease in humans. J. Clin. Microbiol.
37:497-503.

Brandl, M. T. 2006. Fitness of human enteric pathogens
on plants and implications for food safety. Annu. Rev.
Phytopathol. 44:367-392.

Brul, S., and P. Coote. 1999. Preservative agents in foods.
Mode of action and microbial resistance mechanisms. Int.
J. Food Microbiol. 50:1-17.

Brunder, W., H. Karch, and H. Schmidt. 2006. Complete
sequence of the large virulence plasmid pSFO157 of
the sorbitol-fermenting enterohemorrhagic Escherichia
coli O157:H- strain 3072/96. Int. J. Med. Microbiol.
296:467-474.

Burland, V., Y. Shao, N. T. Perna, G. Plunkett, H. J. Sofia,
and F. R. Blattner. 1998. The complete DNA sequence
and analysis of the large virulence plasmid of Escherichia
coli O157:H7. Nucleic Acids Res. 26:4196-4204.http://
aem.asm.org/cgi/ijlink?linkType=ABST&journalCode
=nar&resid=26/18/4196.

Caprioli, A., S. Morabito, H. Brugere, and E. Oswald.
2005. Enterohaemorrhagic Escherichia coli: emerging
issues on virulence and modes of transmission. Vet. Res.
36:289-311.

Centers for Disease Control and Prevention. 2008.
Preliminary FoodNet data on the incidence of infection
with pathogens transmitted commonly through food — 10
states, 2007. Morb. Mortal. Wkly. Rep. 57:366-370.
Cobbold, R., and P. Desmarchelier. 2000. A longitudi-
nal study of shiga-toxigenic Escherichia coli (STEC)
prevalence in three Australian dairy herds. Vet. Microbiol.
71:125-137.

42 FOOD PROTECTION TRENDS | JANUARY 201 |



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Cooley, M. B., D. Chao, and R. E. Mandrell. 2006.
Escherichia coli O157:H7 survival and growth on lettuce
is altered by the presence of epiphytic bacteria. J. Food
Prot. 69:2329-2335.

Coombes, B. K., M. E. Wickham, M. Mascarenhas,
S. Gruenheid, B. B. Finlay, and M. A. Karmali. 2008.
Molecular analysis as an aid to assess the public health
risk of non-O157 shiga toxin-producing Escherichia coli
strains. Appl. Environ. Microbiol. 74:2153-60.

Cutter, C. N., and M. Rivera-Betancourt. 2000. Interven-
tions for the reduction of Salmonella Typhimurium DT
104 and non-O157:H7 enterohemorrhagic Escherichia
coli of beef surfaces. J. Food Prot. 63:1326-1332.
Dallaire, R., D. I. LeBlanc, C. C. Tranchant, L. Vasseur,
P. Delaquis, and C. Beaulieu. 2006. Monitoring the micro-
bial populations and temperatures of fresh broccoli from
harvest to retail display. J. Food Prot. 69:1118-1125.
Deisingh, A. K., and M. Thompson. 2004. Strategies
for the detection of Escherichia coli O157:H7 in foods.
J. Appl. Microbiol. 96:419-429.

Dolislager D., and B. Tune.1978. The hemolytic-uremic
syndrome: spectrum of severity and significance of pro-
drome. Am. J. Dis. Child. 132:55-58.

Eblen, D. R. 2007. Public Health Importance of Non-O157
Shiga Toxin-Producing Escherichia coli (non-O157 STEC)
in the US Food Supply, USDA FSIS OPHS White Paper,
available at: www.fsis.usda.gov/PDF/STEC_101207.
pdf.

Erickson, M. C., and M. P. Doyle. 2007. Food as a vehicle
for transmission of Shiga toxin-producing Escherichia coli.
J. Food Prot. 70:2426-2449.

Escudero, M. E., L. Velazquez, G. Favier, and A. M. de
Guzman. 2003. Effectiveness of chlorine, organic acids
and UV treatments in reducing Escherichia coli O157:H7
and Yersinia enterocolitica on apples. Cent. Eur. J. Public.
Health 11:68-72.

European Food Safety Authority. 2006. The Community
Summary Report on Trends and Sources of Zoonoses,
Zoonotic Agents, Antimicrobial Resistance and Food-
borne Outbreaks in the European Union in 2005. The
EFSA Journal 2006:94. (http://www.efsa.europa.eu/cs/
BlobServer/DocumentSet/Zoonoses_Report EU_en).
Fox, J. T., D. G. Renter, M. W. Sanderson, D. U. Thomson,
K. F. Lechtenberg, and T. G. Nagaraja. 2007. Evaluation
of culture methods to identify bovine feces with high
concentrations of Escherichia coli O157. Appl. Environ.
Microbiol. 73:5253-5260.

Fremaux, B., M. L. Delignette-Muller, C. Prigent-Comba-
ret, A. Gleizal, and C. Vernozy-Rozand. 2007. Growth and
survival of non-O157:H7 Shiga-toxin-producing Escheri-
chia coli in cow manure. J. Appl. Microbiol. 102:89-99.
Griffin, P. M. 2007. Federal public health programs and
CDC experiences with non-O157 STEC, presented
at the public health significance of Non-O157 shiga
toxin-producing Escherichia coli (STEC) public meeting,
George Mason University, Arlington Campus, Arlington,
VA, 17 Oct. 2007, Available at www.fsis.usda.gov/PDF/
Non-STEC_Transcripts.pdf.

Grmendia, J., G. Frankel, and V. F. Crepin. 2005. En-
teropathogenic and enterohemorrhagic Escherichia coli
infections: translocation, translocation, translocation.
Infect. Immun. 73:2573-2585.

Gyles, C. L. 2007. Shiga toxin-producing Escherichia coli:
an overview. J. Anim. Sci. 85:E45-62.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Holt, J. G., N. R. Krieg, P. H. A. Sneath, J. T. Staley and
S. T. Williams. 1994. Bergey’s Manual of Determinative
Microbiology, 9th. ed. Lippincott Williams and Wilkins.
Philadelphia, PA.

Hussein, H. S., and L. M. Bollinger. 2005. Prevalence
of shiga toxin-producing Escherichia coli in beef cattle.
J. Food Prot. 68:2224-41.

Hussein, H. S., and T. Sakuma. 2005. Prevalence of shiga
toxin-producing Escherichia coli in dairy cattle and their
products. J. Dairy Sci. 88:450-465.

Ingram, D. T., C. M. Lamichhane, D. M. Rollins, L. E. Carr,
E. T. Mallinson, and S. W. Joseph. 1998. Development
of a colony lift immunoassay to facilitate rapid detection
and quantification of Escherichia coli O157:H7 from agar
plates and filter monitor membranes. Clin. Diagn. Lab.
Immunol. 5:567-573.

International Commission on Microbiological Specifica-
tions for Foods. 1996. Intestinally Pathogenic Escherichia
coli. Chapt. 7 in Microorganisms in Foods 5: Charac-
teristics of Microbial Pathogens. Blackie Academic and
Professional, London.

Johnson, K. E., C. M. Thorpe, and C. L. Sears. 2006.
The emerging clinical importance of non-O157 Shiga
toxin-producing Escherichia coli. Clin. Infect. Dis.
43:1587-1595.

Johnson, R. P, R. C. Clarke, J. B. Wilson, S. C. Read,
K. Rahn, S. A. Renwick, K. S. Sandhu, D. Alves, M. A.
Karmali, H. Lior, S. A. McEwen, J. S. Spika, and C. L.
Gyles. 1996. Growing concerns and recent outbreaks
involving non-O157:H7 verotoxigenic Escherichia coli.
J. Food Prot. 59:1112-1122.

Johnston, L. M., L. A. Jaykus, D. Moll, M. C. Martinez,
J. Anciso, B. Mora, and C. L. Moe. 2005. A field study of
the microbiological quality of fresh produce. J. Food Prot.
68:1840-1847.

Jordan, K. N., and M. M. Maher. 2006. Sensitive detec-
tion of Escherichia coli O157:H7 by conventional plating
techniques. J. Food Prot. 69:689-692.

Kaper, J. B., J. P. Nataro, and H. L. T. Mobley. 2004.
Pathogenic Escherichia coli. Nature Rev. Microbiol.
2:123-140.

Karch, H., M. Bielaszewska, M. Bitzan, and H. Schmidt.
1999. Epidemiology and diagnosis of shiga toxin-produc-
ing Escherichia coli infections. Diagn. Microbiol. Infect.
Dis. 34:229-243.

Karmali, M. A. 1989. Infection by verocytotoxin-producing
Escherichia coli. Clin. Microbiol. Rev. 2:15-38.

Karmali, M. A. 2005. Use of comparative genomics as a
tool to assess the clinical and public health significance
of emerging shiga toxin-producing Escherichia coli
serotypes. Meat Science 71:62-71.

Karmali, M. A, M. Mascarenhas, S. Shen, K. Ziebell,
S. Johnson, R. Reid-Smith, J. Isaac-Renton, C. Clark, K.
Rahn, and J. B. Kaper. 2003. Association of genomic O
Island 122 of Escherichia coli EDL 933 with verocytotoxin-
producing Escherichia coli seropathotypes that are linked
to epidemic and/or serious disease. J. Clin. Microbiol.
41:4930-4940.

Karmali, M. A., B. T. Steele, M. Petric, and C. Lim.
1983. Sporadic cases of haemolytic-uraemic syndrome
associated with faecal cytotoxin and cytotoxin-producing
Escherichia coli in stools. Lancet. 321:619-620.
Koohmaraie, M. 2007. Prevalence and control of non-
0157 STEC in beef and lamb processing plants. Pre-
sented at The Public Health Significance of Non-O157

JANUARY 2011 | FOOD PROTECTION TRENDS 43



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Shiga toxin-producing Escherichia coli (STEC) Public
Meeting, George Mason University, Arlington Campus,
Arlington, VA 17 Oct. 2007 (www.fsis.usda.gov/PDF/
Non-STEC_Transcripts.pdf and www.fsis.gov/PPT/Non-
0157_STEC_Koohmaraie.ppt).

Lee, S. Y., M. Costello, and D. H. Kang. 2004. Efficacy
of chlorine dioxide gas as a sanitizer of lettuce leaves.
J. Food Prot. 67:1371-1376.

LeJeune, J. T., T. E. Besser, N. L. Merrill, D. H. Rice, and
D. D. Hancock. 2001. Livestock drinking water microbi-
ology and the factors influencing the quality of drinking
water offered to cattle. J. Dairy Sci. 84:1856-1862.
Lindqgvist, R., A. K. Antonsson, B. Norling, L. Persson,
A.-C. L. Ekstrom, U. Fager, E. Eriksson, S. Lofdahl,
and P. Norberg. 1998. The prevalence of verocytotoxin-
producing Escherichia coli (VTEC) and E. coli O157:H7
in beef in Sweden determined by PCR assays and an
immuno-magnetic separation (IMS) method. Food Micro-
biology. 15:591-601.

Mead, P. S., L. Slutsker, V. Dietz, L. F. McCaig, J. S.
Bresee, C. Shapiro, P. M. Griffin, and R. V. Tauxe. 1999.
Food-related illness and death in the United States.
Emerg Infect Dis. 5:607-25.

Mellies, J. L., A. M. S. Barron, and A. M. Carmona.
2007. Enteropathogenic and enterohemorrhagic
Escherichia coli virulence gene regulation. Infect. Immun.
75:4199-4210.

Meng, J., M. P. Doyle, T. Zhao, and S. Zhao. 2007.
Enterohemorrhagic Escherichia coli. In Food Microbiol-
ogy — Fundamentals and Frontiers, (M. P. Doyle and
L. R. Beuchat eds., 3rd edition). American Society for
Microbiology, Washington, D.C.

Michino, H., K. Araki, S. Minami, S. Takaya, N. Sakai,
M. Miyazaki, A. Ono, and H. Yanagawa. 1999. Mas-
sive outbreak of Escherichia coli O157:H7 infection in
schoolchildren in Sakai City, Japan, associated with
consumption of white radish sprouts. Am. J. Epidemiol.
150:787-796.

Mora, A., M. Blanco, J. E. Blanco, G. Dahbi, C. Lopez,
P. Justel, M. P. Alonso, A. Echeita, M. |. Bernardez,
E.A. Gonzalez, and J. Blanco. 2007. Serotypes, virulence
genes and intimin types of shiga toxin (verocytotoxin)-
producing Escherichia coli isolates from minced beef in
Lugo (Spain) from 1995 through 2003. BMC. Microbiol.
7:13.

Moreira, C. N., M. A. Pereira, C. S. Brod, D. P. Rodigrues,
J. B. Carvalhal, and J. A. G. Alexio. (2003) Shiga toxin-
producing Escherichia coli (STEC) isolated from healthy
dairy cattle in southern Brasil. Vet. Micr. 93:179-183.
Mukherjee, A., D. Speh, A. T. Jones, K. M. Buesing, and
F. Diez-Gonzalez. 2006. Longitudinal microbiological
survey of fresh produce grown by farmers in the upper
midwest. J. Food Prot. 69:1928-1936.

Muller, E. E., M. M. Ehlers, and W. O. Grabow. 2001. The
occurrence of E. coli O157:H7 in South African water
sources intended for direct and indirect human consump-
tion. Water. Res. 35:3085-3088.

Muniesa, M., J. Jofre, C. Garcia-Aljaro, and A. R. Blanch.
2006. Occurrence of Escherichia coli O157:H7 and other
enterohemorrhagic Escherichia coli in the environment.
Environ. Sci. Technol. 40:7141-7149.

Newton, H. J., J. Sloan, D. M. Bulach, T. Seemann, C. C.
Allison, M. Tauschek, R. M. Robins-Browne, J. C. Paton,
T. S. Whittam, A. W. Paton, and E. L. Hartland. 2009.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Shiga toxin-producing Escherichia coli strains negative
for locus of enterocyte effacement. Emerg.Infect. Dis.
15:372-380.

Nielsen, E. M., and M. T. Andersen. 2003. Detection and
characterization of verocytotoxin-producing Escherichia
coli by automated 5' nuclease PCR assay. J. Clin. Micro-
biol. 41:2884-2893.

O'Brien, A. D., V. L. Tesh, A. Donohue-Rolfe, M. P. Jack-
son, S. Olsnes, K. Sandvig, A. A. Lindberg, and G. T.
Keusch.. 1992. Shiga toxin: biochemistry, genetics, mode
of action, and role in pathogenesis. Curr. Top. Microbiol.
Immunol. 180:65-94.

Perelle, S., F. Dilasser, J. Grout, and P. Fach. 2007.
Screening food raw materials for the presence of the
world's most frequent clinical cases of Shiga toxin-
encoding Escherichia coli 026, 0103, 0111, 0145 and
0157. Int. J. Food Microbiol. 113:284-288.

Piérard, D., L. Van Damme, L. Moriau, D. Stevens, and
S. Lauwers. 1997. Virulence factors of verocytotoxin-
producing Escherichia coli isolated from raw meats. Appl.
Environ. Microbiol. 63:4585- 4587 .

Pontello, M., C. Bersani, S. Colmegna, C. Cantoni, and
Working Group. 2003. Verocytotoxin-producing Escheri-
chia coli in foodstuffs of animal origin. Eur. J. Epidemiol.
18:157-160.

Ravva, S. V., C. Z. Sarreal, B. Duffy, and L. H. Stanker.
2006. Survival of Escherichia coli O157:H7 in wastewater
from dairy lagoons. J. Appl. Microbiol. 101:891-902.
Read, S.C.,C.L. Gyles,R. C. Clarke, H. Lior, and S. McEwen.
1990. Prevalence of verocytotoxigenic Escherichia coli
in ground beef, pork, and chicken in southwestern
Ontario. Epidemiol. Infect. 105:11-20.

Rice, E. W., R. M. Clark, and C. H. Johnson. 1999. Chlo-
rine inactivation of Escherichia coli O157:H7. Emerg.
Infect. Dis. 5:461-463.

Ried, A., J. Mielcke, A. Wieland, S. Schaefer, and
M. Sievers. 2007. An overview of the integration of ozone
systems in biological treatment steps. Water. Sci Technol.
55:253-258.

Rivas, M., S. Sosa-Estani, J. Rangel, M. G. Caletti,
P. Vallés, C. D. Roldan, L. Balbi, M. C. Marsano de Mollar,
D. Amoedo, E. Miliwebsky, I. Chinen, R. M. Hoekstra,
P. Mead, and P. M. Griffin. 2008. Risk factors for spo-
radic Shiga toxin-producing Escherichia coli infections in
children, Argentina. Emerg. Infect. Dis. 14:763-771.
Samadpour, M., J. E. Ongerth, J. Liston, N. Tran,
D. Nguyen, T. S. Whittam, R. A. Wilson, and P. I. Tarr.
1994. Occurrence of Shiga-like toxin-producing Escheri-
chia coli in retail fresh seafood, beef, lamb, pork, and
poultry from grocery stores in Seattle, Washington. Appl.
Environ. Microbiol. 60:1038-1040.

Samadpour, M., J. Stewart, K. Steingart, C. Addy,
J. Louderback, M. McGinn, J. Ellington, and T. Newman.
2002. Laboratory investigation of an E. coli O157:H7 out-
break associated with swimming in Battle Ground Lake,
Vancouver, Washington. J. Environ. Health 64:16-20,
26, 25.

Scheutz, F. 2007. Experiences with non-O157 STEC
and implications on Public Health Programs. Presented
at The Public Health Significance of Non-O157 Shiga
toxin-Producing Escherichia coli (STEC) Public Meet-
ing, George Mason University, Arlington Campus,
Arlington, VA 17 Oct. 2007 (www.fsis.usda.gov/PDF/
Non-STEC_Transcripts.pdf and www.fsis.gov/PPT/Non-
0157_STEC_Scheutz.ppt).

44

FOOD PROTECTION TRENDS | JANUARY 201 |



81.

82.

83.

84.

85.

86.

87.

88.

Sivapalasingam, S., C. R. Friedman, L. Cohen, and
R. V. Tauxe. 2004. Fresh produce: a growing cause of
outbreaks of foodborne iliness in the United States, 1973
through 1997. J. Food Prot. 67:2342-2353.

Smith, R. P,, G. A. Paiba, and J. Ellis-lversen. 2008. Short
communication: turbidity as an indicator of Escherichia
coli presence in water troughs on cattle farms. J. Dairy
Sci. 91:2082-2085.

Tarr, P.1., C.A. Gordon, and W. L. Chandler. 2005. Shiga-
toxin-producing Escherichia coli and haemolytic uraemic
syndrome. Lancet. 365:1073-1086.

U.S. Department of Agriculture, Food Safety and Inspec-
tion Service. 2008. E. coli O157:H7 — Addressing the
Challenges, Moving Forward With Solutions, Washington,
DC 9-10 April 2008. (www.fsis.usda.gov/PDF/Ecoli_tran-
script_041008.pdf).

Venkitanarayanan, K. S., C. M. Lin, H. Bailey, and M. P.
Doyle. 2002. Inactivation of Escherichia coli O157:H7,
Salmonella Enteritidis, and Listeria monocytogenes on
apples, oranges, and tomatoes by lactic acid with hydro-
gen peroxide. J. Food Prot. 65:100-105.
Vernozy-Rozand, C., M. P. Montet, F. Lequerrec,
E. Serillon, B. Tilly, C. Bavai, S. Ray-Gueniot, J. Bouvet,
C. Mazuy-Cruchaudet, and Y. Richard. 2002. Prevalence
of verotoxin-producing Escherichia coli (VTEC) in slurry,
farmyard manure and sewage sludge in France. J. Appl.
Microbiol. 93:473-478.

Vimont, A., C. Vernozy-Rozand, and M. L. Delignette-
Muller. 2006. Isolation of E. coli O157:H7 and non-O157
STEC in different matrices: review of the most com-
monly used enrichment protocols. Lett. Appl. Microbiol.
42:102-108.

Vimont, A., C. Vernozy-Rozand, M. P. Montet, C. Bavai,
B. Fremaux, and M. L. Delignette-Muller. 2007. Growth
of Shiga-toxin producing Escherichia coli (STEC) and

89.

90.

91.

92.

93.

94.

95.

bovine feces background microflora in various enrichment
protocols. Vet. Microbiol. 123:274-281.

Voetsch, A. C., M. H. Kennedy, W. E. Keene, K. E. Smith,
T. Rabatsky-Ehr, S. Zansky, S. M. Thomas, J. Mohle-
Boetani, P. H. Sparling, M. B. McGavern, and P. S. Mead.
2007. Risk factors for sporadic Shiga toxin-producing
Escherichia coli O157 infections in FoodNet sites, 1999-
2000. Epidemiol. Infect. 135:993-1000.

Wang, H., W. Liang, H. Feng, and Y. Luo. 2007. Model-
ing of the effect of washing solution flow conditions on
Escherichia coli O157:H7 population reduction on fruit
surfaces. J. Food Prot. 70:2533-2540.

Wickham, M. E., C. Lupp, M. Mascarenhas, A. Vazquez,
B. K. Coombes, N. F. Brown, B. A. Coburn, W. Deng,
J. L. Puente, M. A. Karmali, B. B. Finlay. Bacterial
genetic determinants of non-O157 STEC outbreaks and
hemolytic-uremic syndrome after infection. J. Infect. Dis.
194:819-827.

Wolf, M. K. 1997. Occurrence, distribution, and associa-
tions of O and H serogroups, colonization factor antigens,
and toxins of enterotoxigenic Escherichia coli. Clinical
Microbiology Reviews 10(4):569-584.

World Health Organization. 1998. Zoonotic Non-O157
Shiga toxin-producing E. coli (STEC), Available at: http://
libdoc.who.int’/hg/1998/WHO_CSR_APH_98.8.pdf.
Wright, D. J., P. A. Chapman, and C. A. Siddons. 1994.
Immunomagnetic separation as a sensitive method
for isolating Escherichia coli 0157 from food samples.
Epidemiol. Infect. 113:31-39.

Yaron, S., and K. R. Matthews. 2002. A reverse tran-
scriptase-polymerase chain reaction assay for detection
of viable Escherichia coli O157:H7: investigation of
specific target genes. J. Appl. Microbiol. 92:633-640.

JANUARY 2011 | FOOD PROTECTION TRENDS 45



