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Introduction 

In 1898, Kioshi Shiga determined that a specific bacte-
rium was the causative agent of a dysentery epidemic; this 
organism was later named Shigella dysenteriae (Shiga, 
1898). Several years of study led to the revelation that this 
strain could produce a toxin, termed Shiga toxin, which had 
cytotoxic effects on certain epithelial cells and was involved 
in the development of hemolytic uremic syndrome (HUS) 
(van Heyningen and Gladstone, 1953). Antibodies made 
against the Shiga toxin were later shown to inhibit the activ-
ity of a cytotoxin produced by an Escherichia coli strain 
(O’Brien and LaVeck, 1983). Hence, this E. coli toxin was 
given the name Shiga-like toxin. Just prior to this discovery, 
an E. coli strain isolated by Konowalchuk et al. was found 
to produce a toxin that was lethal to vero cells (Konowal-
chuk et al., 1977). The term verotoxin was used to describe 
this toxin. It was subsequently determined that these two 
toxins were actually the same (O’Brien et al., 1983). In the 
current convention, the E. coli toxin is referred to as Shiga 
toxin. 

In the initial report describing Shiga toxin producing E. 
coli (STEC), Konowalchuk et al. had isolated strains, includ-
ing serotypes O26 and O111, from infants with diarrhea 
and determined that they produced verotoxin (Konowal-
chuk et al., 1977). Surveying previously isolated strains from 
that period identified an O20 serogroup strain isolated in 
the early 1970’s that also produced a vero toxin (Bettelheim 

et al., 1982). It has been suggested that a large outbreak in 
New England in 1954 was due to STEC. Strains of serogroup 
O111 were commonly isolated from this large outbreak and 
the reported pathogenesis closely resembled that of STEC-
associated disease, although isolates from these cases have 
never been screened for carriage of Shiga toxin genes (Bet-
telheim, 2000; Johnson et al., 1996).  

The O157:H7 STEC serotype was not associated with 
human disease until 1983 when it was determined to be the 
cause of hemorrhagic colitis (HC) outbreaks in Oregon and 
Michigan (Riley et al., 1983). Riley et al. noted that the 
O157 strain could not ferment sorbitol (Riley et al., 1983). 
This characteristic could be used to distinguish the 
O157:H7 clone from the majority of other E. coli strains and 
would become the basis for O157 detection (Nataro and 
Kaper, 1998). A retrospective search of serotypes in the 
CDC pathogen library found only one O157:H7 strain, 
which had been isolated in 1975 from a sporadic case of 
HC (Wachsmuth et al., 1997). The largest outbreak of STEC-
associated disease in the U.S. occurred in 1992-93 in west-
ern states, produced more than 700 infections and four 
deaths, and was attributed to O157:H7-contaminated ham-
burger distributed from a fast-food chain (Tuttle et al., 
1999). Shortly after this outbreak, the U.S. Department of 
Agriculture declared E. coli O157:H7 an adulterant in 
ground beef. The latter events combined with a simple de-
tection scheme helped to shift global attention away from 
STEC as a whole and focus it solely on O157:H7. For the 
duration of this manuscript, the term “O157” will be used to 
refer to Enterohemorrhagic E. coli (EHEC) O157:H7 and 
should not be confused with the numerous other types of E. 
coli of serogroup O157 that are generally not pathogenic. 

Surveillance 

STEC have been implicated as the causative agents in 
several human diseases (Nataro and Kaper, 1998; Paton and 
Paton, 1998). These diseases range from mild diarrhea to 
very severe and life threatening conditions such as HUS. 
Enterohemorrhagic E. coli (EHEC) refers to a subset of STEC 
strains found to cause human disease. The STEC strain most 
frequently associated with clinical disease in the U.S. is 
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serotype O157:H7 (Mead et al., 1999; Nataro and Kaper, 
1998). It has been estimated that E. coli O157 causes two-
thirds of the human EHEC infections in the U.S. with the 
other one-third of cases attributed to the non-O157 STEC 
population (Mead et al., 1999). This estimation may be bi-
ased towards O157 due to the relative ease of detection of 
O157 strains as compared to that of non-O157 STEC strains 
with respect to the monetary and manpower investment 
required (Fey et al., 2000; Paton and Paton, 1998). Due to 
the variation in detection difficulty, several clinical labora-
tories only screen for E. coli O157 leaving non-O157 STEC 
associated diseases quite probably underreported (Mead et 
al., 1999). Data regarding clinical labs within the CDC’s 
FoodNet active surveillance sites showed that as of 1999, 
50% of the labs were screening all stool samples for O157, 
while approximately 3% reported having ever screened for 
Shiga toxins by immunoassay to detect non-O157 STEC 
(Griffin et al., 2001).  

Disease Outbreaks 

The E. coli O157 serogroup averages about 35 disease 
outbreaks a year in the U.S. while non-O157 STEC have 
only been identified as the causative agent in three U.S. 
outbreaks, none of which were determined to be linked to 
contaminated meat (CDC, 2000; Feng et al., 2001; 
McCarthy et al., 2001).  

Contaminated milk was the cause of the first reported 
outbreak in Montana in 1994. The STEC serotype was 
O104:H21. Isolates from this outbreak carried the gene for 
Shiga toxin 2 and a variant of the EHEC hemolysin but did 
not possess the gene coding for the intimin protein that is 
involved in intestinal attachment (Feng et al., 2001). Of the 
16 cases, none progressed past HC to HUS. The failure of 
progression to more severe disease was speculatively attrib-
uted to the older age of those infected, since none of the 
patients was under the age of eight (Feng et al., 2001). 

In 1999, two reports of HUS started an epidemiological 
investigation for the causative agent. The outbreak consisted 
of three children developing HUS and 11 others with more 
mild symptoms. The investigators concluded the event was 
the result of individuals swimming in lake water that had 
been transiently contaminated with an STEC strain of sero-
type O121:H19 (McCarthy et al., 2001).   

A second non-O157 STEC outbreak occurred in 1999, 
this time in Texas, and involved a strain of serotype 
O111:H8. Fifty-eight persons developed illness, two of 
which developed HUS (CDC, 2000). The original source of 
the STEC strain was not identified, but a salad item and ice 
were implicated as secondary vehicles for infection. 

O157 and Non-O157 STEC and Human Disease 

Few studies have used unbiased methods to evaluate the 
relative frequencies at which O157 and non-O157 STEC 
cause human disease. One such survey sampled 335 diar-
rheal stools from patients in Nebraska and determined that 

fourteen contained Shiga toxins. STEC isolates could only 
be obtained from thirteen of these samples. Six samples 
were positive for O157:H7 and seven were positive for non-
O157 STEC (serotypes included O26:H11, O145:NM, 
O103:H2, O111:NM, Orough:H2) (Fey et al., 2000). A 
similar study surveyed 270 stool specimens from patients in 
Virginia. Of eleven samples that were positive for STEC, six 
were positive for O157:H7 while five were positive for non-
O157 STEC (serotypes included O88, O103, O111, and 
Orough) (Park et al., 1996). Infectious doses determined 
from various outbreaks have also shown similar results for 
O157 (<50 organisms) and non-O157 STEC (approximately 
10 organisms for O111) (Paton et al., 1996; Tilden et al., 
1996).  

Methodology 

Detection/Isolation 
The O157:H7 strain has many features (inability to fer-

ment sorbitol, O157 antigen, and lack of beta–
glucuronidase activity) that distinguish it from other strains 
of E. coli. These features can be used in combination for 
O157:H7 detection and isolation procedures, which are not 
technically difficult and are relatively inexpensive. Methods 
for detection and isolation of non-O157 STEC do not share 
these desirable qualities. The most common methods for the 
detection of non-O157 STEC detection are: vero cell assay 
(VCA), enzyme immunoassay (EIA), colony hybridization, 
and polymerase chain reaction (PCR). These methods all 
focus on the Shiga toxins, the only common feature of 
STEC. The VCA and EIA detect expression of the Shiga tox-
ins while colony hybridization and PCR identify the pres-
ence of the Shiga toxin genes. Each of these methods will be 
described briefly below; for more detailed information see 
the review by Strockbine et al. (1998). 

VCA. The VCA uses a cultured cell line, vero cells, that is 
killed by the activity of Shiga toxins. Growing vero cells are 
exposed to filtered culture supernatant. Over the course of 
48 to 72 hours the vero cells are monitored for cell death. 
The presence of one or both toxins is confirmed by the ad-
dition of neutralizing antibodies that are specific for each 
toxin. This assay is very specific but requires facilities for 
cell culture and a supply of neutralizing antibodies. Also, 
isolation of individual STEC strains can be laborious. Once 
it has been determined to contain Shiga toxin, that culture is 
streaked onto a selective media to obtain isolated colonies. 
Individual colonies are then subjected to the same assay or 
PCR to identify those that produce Shiga toxins or carry the 
Shiga toxin genes.  

EIA. The EIA is usually performed in a 96 well microtiter 
plate facilitating the screening of numerous samples. The 
wells of the microtiter plate are coated with a capture anti-
body. When culture supernatants are incubated in the wells, 
the capture antibodies bind free toxin. The wells are washed 
and then bound toxin is detected with a second antibody 
that is linked to a reporter enzyme. EIA kits are available 
from commercial distributors. These assays are much more 
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rapid than cell culture but generally not as sensitive, al-
though the Premier EHEC Kit (Meridian Diagnostics, Cin-
cinnati, OH) was shown to detect one STEC per gram of 
ground beef using an enrichment (Acheson et al., 1996). 
The isolation of STEC strains is similar to the procedure for 
the VCA, where cultures that are positive for Shiga toxin are 
streaked and individual colonies are tested for toxin produc-
tion. 

Colony Hybridization. This method uses DNA probes to 
identify those strains that carry the genes coding for Shiga 
toxins. Cells are grown on an agar media and transferred to 
nylon membranes. The transferred cells are lysed and their 
DNA is fixed to the membrane. The membranes are incu-
bated with a labeled DNA probe that recognizes and binds 
to the Shiga toxin gene sequence. The labeled probes pro-
duce a signal that is visualized on film. Those colonies har-
boring Shiga toxin genes are picked by aligning the original 
agar plate to the developed film. Colony hybridization al-
lows the individual STEC strains to be isolated in the initial 
screening; therefore there is no need for a lengthy secon-
dary screening. The sensitivity of this procedure is limited 
by the number of colonies that can be grown on a plate. 
Kits for radioactive and nonradioactive labeling and detec-
tion of DNA probes are available commercially.  

PCR. PCR uses a thermo-stable DNA polymerase enzyme 
to amplify specific genes. Several protocols have been de-
veloped for detection of Shiga toxin gene sequences from 
sample enrichments. Many of these methods incorporate 
the detection of other virulence factors as well as the Shiga 
toxins into one reaction in multiplex PCR. PCR is inexpen-
sive, rapid, and not technically demanding. However, PCR 
will detect DNA from nonviable cells as well as viable, 
which could produce false positive results. Also, the sensi-
tivity of the assay can be decreased by inhibitors that are 
commonly present in food and feces. Isolation of individual 
colonies is performed with a procedure similar to that for 
the VCA and EIA.  

Identification/Characterization 
All suspect strains must be confirmed to be Escherichia 

coli, since other bacterial species (Shigella dysenteriae, 
Citrobacter freundii, and Enterobacter cloacae) have been 
found to produce Shiga toxins (Paton and Paton, 1996; 
Schmidt et al., 1993). Serotyping of isolates is usually per-
formed at large reference laboratories where large stocks of 
validated serotype specific antibodies can be maintained. 
However, immmunological reagents for some of the more 
common EHEC serotypes (i.e., O157, O26, and O111) can 
be obtained commercially.  

Bovine-related Non-O157 STEC 

Cattle Fecal Prevalence 
Cattle are considered the primary reservoir for both O157 

and non-O157 STEC (Bettelheim, 2000). Cattle frequently 
carry STEC without suffering any pathological symptoms, 
although Stx1-producing STEC have been associated with 
diarrhea in calves (Blanco et al., 1997; Wieler et al., 1992). 

STEC infection in cattle appears to be of a transient nature. 
The duration of STEC colonization in cattle seems to be 
brief, however inoculation occurs frequently (Besser et al., 
1997; Midgley et al., 1999). Several human infections have 
been linked to STEC present in undercooked ground beef. 
STEC contamination in ground beef is usually attributed to 
contamination of the carcass at the time of processing. Dur-
ing processing, fecal contamination of the carcass or trans-
fer of bacteria found on the animal hide to the carcass can 
facilitate transmission of STEC into the food supply.  

The hides and feces of animals presented for slaughter 
have been shown to be major sources of pathogens in proc-
essing plants (Barkocy-Gallagher et al., 2001; Elder et al., 
2000). The prevalence of non-O157 STEC in the feces of 
beef cattle in the U.S. has scarcely been studied. One report 
using a small sample of heifers found fecal prevalence to 
range from 0% in the summer to 10% in the winter (Thran 
et al., 2001). Reported levels of non-O157 STEC in the feces 
of dairy cattle in the U.S. have ranged from 5.8% to 19.0% 
(Cray et al., 1996; Wachsmuth et al., 1991; Wells et al., 
1991). There have been several studies of fecal prevalence 
of non-O157 STEC in beef cattle from other countries. On 
Canada’s Prince Edward Island 3.5% of samples tested posi-
tive (Schurman et al., 2000). Higher numbers were reported 
in France as two studies recovered non-O157 STEC from 
7.9% and 34% of samples (Pradel, 2000; Rogerie, 2001). 
PCR results reported by these groups indicate even higher 
levels of STEC were actually present, as stx genes were 
identified in 18% and 70% of the samples (Pradel et al., 
2000; Rogerie et al., 2001). PCR was also used to screen 
samples from healthy Japanese cattle. Shinagawa et al. re-
ported levels of stx present in feces that ranged from 39.4% 
to 78.9%, depending on the age of the cattle with calves 2 
to 8 months of age having the highest carriage rate (Shini-
gawa et al., 2000). In a similar study, Kobayashi et al. de-
tected stx genes in 100% of the cattle fecal samples they 
tested using a nested PCR approach (Kobayashi et al., 
2001). High levels of non-O157 STEC present in fecal sam-
ples of healthy cattle have also been reported in Argentina 
(44%) and Spain (35%) (Blanco et al., 1997; Parma et al., 
2000). To date, there have been no studies reporting the 
non-O157 STEC prevalence on beef cattle hides. 

Carcass Prevalence 
Very few studies have reported the prevalence and viru-

lence characteristics of non-O157 STEC contamination on 
carcasses. Data collected in the U.S showed that 53.9% of 
beef carcasses in large processing plants carried at least one 
type of non-O157 STEC prior to evisceration, but the preva-
lence was reduced using various intervention strategies 
(steam vacuum, hot water, organic acids, and steam pas-
teurization) to 8.3% of carcasses carrying STEC at postproc-
essing (Table 1) (unpublished data). The samples surveyed 
were collected during the summer months, which have 
been associated with peak prevalence for bovine STEC car-
riage (Van Doenkersgoed et al., 1999). Therefore, STEC 
carcass contamination may be much less frequent at other 
times of the year.  
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Table 1. Prevalence of Non-O157 Contamination of 
Beef Cattle Carcasses 

 U.S.1 France3 Hong 
Kong4 

Total Samples 326 851 986 

PCR positive for stx 
genes 43 (13.4)2 91(10.7) 112 (11.4) 

Total non-O157 STEC 
positive positive 27 (8.3) 16(1.9) 17 (1.7) 

1unpublished data. 
2PCR performed on 320 of the 326 samples. 
3Rogerie et al., 2001. 
4Leung et al., 2001. 
 

Two previous studies, one from France and the other 
from Hong Kong, reported lower postprocessing non-O157 
STEC prevalence (1.9% and 1.7%, respectively) on car-
casses (Leung et al., 2001; Rogerie et al., 2001). The differ-
ences in reported prevalence levels could come from a va-
riety of factors, but are most likely due to dissimilar meth-
odologies used for STEC isolation. Both studies reported 
higher levels of contamination when samples were surveyed 
by PCR, 10.7% and 11.4% for France and Hong Kong, re-
spectively (Leung et al., 2001; Rogerie et al., 2001), indicat-
ing a prevalence level similar to what is described in the 
U.S. 

Serotypes 

Serotyping of E. coli has been extremely useful in identi-
fying relationships between strains and the types of disease 
that they cause. Over 200 STEC serotypes have been iso-
lated from cattle and over 150 STEC serotypes, many identi-
cal to those of cattle strains, have been associated with hu-
man disease (Gyles et al., 1998; Nataro and Kaper, 1998). A 
global list of STEC serotypes isolated from humans, cattle, 
and food has been assembled by Dr. Karl Bettelheim and 
can be found on the internet at the following addresss: 
http://www.sciencenet.com.au/vtectable.htm. Some sero-
types of STEC are more frequently associated with disease 
outbreaks and severe disease. As previously mentioned, E. 
coli O157 is the most commonly isolated EHEC serotype in 
the U.S (Mead et al., 1999; Nataro and Kaper, 1998). Sev-
eral other serotypes (O26, O103, O111, O113, & O121) 
are also commonly associated with severe disease outbreaks 
and in some countries are isolated in clinical cases more 
often than O157 (Acheson, 2000; Nataro and Kaper, 1998). 
Of the non-O157 isolates collected by the CDC from 1983-
1999 (n=330), the most common serogroup was O26 (22%) 
followed by O111 (14%) (Banatvala et al., 2001).  

What Constitutes a Virulent STEC? 

The Shiga toxin is a key factor in STEC pathogenesis 
(Acheson, 2000; Paton and Paton, 1998). Shiga toxins are 
members of the ribosome-inactivating protein family and 
are composed of two subunits, A & B, which are coded for 

on lambdoid-type prophage (Nataro and Kaper, 1998). The 
B subunit forms a homopentamer arrangement that binds 
globotriacylceramide (Gb3) receptors of various eukaryotic 
cells. After the holotoxin binds a Gb3 receptor, the complex 
is endocytosed and the enzymatically active A subunit is 
translocated into the host cell cytosol where it acts to dis-
rupt protein synthesis and shut down cellular activity (Na-
taro and Kaper, 1998).  

Two classes of Shiga toxin have been identified in E. coli. 
Shiga toxin 1 (Stx1) is 98% homologous to the Shiga toxin 
(Stx) produced by Shigella dysenteriae type 1 (Nataro and 
Kaper, 1998; Paton and Paton, 1998). Shiga toxin 2 (Stx2) is 
approximately 60% homologous to Stx1 and is antigenically 
distinct (Nataro and Kaper, 1998). Several variants of Stx2 
have been identified that vary from one another by slight 
differences in amino acid sequence. Recent studies have 
indicated that strains possessing stx2 are potentially more 
virulent than strains carrying stx1 or even strains carrying 
both stx1 and stx2 (Dorn et al., 1989; Nataro and Kaper, 
1998; Ostroff et al., 1989; Tesh et al., 1993; Wadolkowski 
et al., 1990).  

Other known and unknown virulence factors are thought 
to enhance pathogenicity but are not absolutely required by 
STEC strains to cause severe disease, including HUS 
(Acheson, 2000; Bonnet et al., 1998; Nataro and Kaper, 
1998). Examples of various virulence genotypes associated 
with strains causing HUS are shown in Table 2. Two viru-
lence attributes that are commonly screened for among 
STEC isolates are intimin and the EHEC hemolysin. Intimin 
is a protein coded for by the eae gene found on a patho-
genicity island commonly referred to as the locus of entero-
cyte effacement (LEE). Intimin and other associated proteins 
are responsible for mediating the intimate adherence be-
tween the bacterium and the intestinal epithelial cell. The 
EHEC hemolysin is coded for by a gene (hlyA) found on the 
large EHEC plasmid. The specific role of the enterohemo-
lysin in pathogenesis is unknown at this time but it has been 
speculated to be involved in iron acquisition (Law and 
Kelly, 1995; Nataro and Kaper, 1998). Other proteins have 
been suggested to be potential virulence factors, such as a 
secreted serine proteinase (EspP) and a catalase-peroxidase 
(KatP), but very little information has been obtained to sup-
port these claims (Nataro and Kaper, 1998).  

Table 2. Examples of Non-O157 STEC Strains Causing HUS1 

Serotype Virulence genotype 
O126:H27 stx1 

O2:H6, O104:H2, 
O153:H25 

stx2 

O55:H7, O145:H25 stx2, intimin 

OX3:H21, O91:H21, 
O163:H19 stx2, EHEC hemolysin 

O145:H- stx1, intimin, EHEC hemolysin 

O5:H-, O172:NM stx2, intimin, EHEC hemolysin 

O111:NM stx1, stx2, intimin, EHEC hemolysin 
1References: Willshaw et al., 1992; Banatvala et al., 2001. 
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Continuum Model 

It is not clear what proportion of non-O157 STEC de-
tected in cattle feces or on beef carcasses is able to cause 
disease in humans. Gyles et al. put forward the idea that 
STEC virulence is likely to be on a continuum, implying that 
virtually all STEC could be pathogenic under the proper 
circumstances (Gyles et al., 1998). This would mean that 
less virulent strains could cause the same types of disease as 
highly virulent strains, given a sufficiently high dose and a 
sufficiently low immune status of the infected individual. 
Although there are most certainly nonpathogenic STEC in 
this continuum, at the present time there is not enough data 
to make a distinguishable cutoff to allow for the determina-
tion of which STEC in the food supply represent a potential 
threat to human health. Therefore, consideration of the viru-
lence genotypes and serotypes of non-O157 STEC isolates 
that have been previously associated with human disease 
has been used in STEC-related foodborne illness risk as-
sessment. 

Even though the set of virulence factors necessary to 
cause EHEC-related disease has not been defined strictly, 
associations between the carriage of certain genes and the 
ability to cause severe disease in humans have been made. 
Toxin profiling studies of O157:H7 clinical isolates by Os-
troff et al. showed that patients infected with isolates carry-
ing only stx2 were 6.8 times more likely to develop severe 
disease than those infected with strains carrying stx1 or stx1 
and stx2 (Ostroff et al., 1989). Another study determined 
that within a particular serotype the carriage of stx2 in-
creases the likelihood an isolate would be associated with 
severe disease by 5-fold (Boerlin et al., 1999). It has also 
been demonstrated that Stx2 has a lower LD50 than does 
Stx1 when administered to mice (Tesh et al., 1993). There-
fore, isolates carrying stx2 potentially represent an increased 
threat to human health. Of note, the virulence of Stx2 has 
also been shown to vary with the particular sequence vari-
ant, stx2 and stx2c being associated with more severe dis-
ease (Friedrich et al., 2002; Paton et al., 1995).  

Several epidemiological studies have determined the 
presence of eae to be associated with severe disease 
(Acheson, 2000; Beutin et al., 1998; Boerlin et al., 1999). In 
addition, EHEC-hlyA has been found in a high proportion of 
non-O157 STEC strains causing human disease (Eklund et 
al., 2001; Gyles et al., 1998; Schmidt et al., 1995). There-
fore, irrespective of serotype, carriage of the combination of 
stx, eae, and EHEC-hlyA may be a good indicator for the 
pathogenic potential of STEC strains.  

From comparisons of bovine-related isolates and strains 
isolated from human disease cases, it has been shown that 
stx1 carriage associates more closely with bovine isolates, 
while stx2 carriage is associated more with human isolates 
(Boerlin et al., 1999). Also, several studies have identified 
that bovine isolates are less likely to carry the additional 
virulence factors eae and EHEC-hlyA as compared to hu-
man isolates (Boerlin et al., 1999; Johnson et al., 1996). 
However, when Johnson et al. compared toxin type and the 

presence of eae and EHEC-hlyA for bovine-related strains 
and human strains of the same serotypes, they found the 
two populations to be very similar (Johnson et al., 1996). 
One interpretation of this data would be that highly virulent 
strains of STEC are present in cattle but are a minority in a 
population that consists mostly of STEC strains that lack 
additional virulence factors, i.e., eae and EHEC-hlyA, and 
are potentially less virulent.  

In summary, non-O157 STEC can cause severe disease 
and are commonly found colonizing cattle and contaminat-
ing beef carcasses. While the majority of the bovine-related 
STEC lack accessory virulence factors, many strains have 
been found with the same serotypes and virulence geno-
types as those determined to cause human disease. Until 
evidence is obtained to distinguish between pathogenic and 
non-pathogenic STEC, all STEC will have to be treated as 
potential sources of foodborne illness.  
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