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Prevalences of Shiga Toxin Subtypes and Selected Other Virulence
Factors among Shiga-Toxigenic Escherichia coli Strains Isolated from
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Shiga-toxigenic Escherichia coli (STEC) strains were isolated from a variety of fresh produce, but mostly from spinach, with an
estimated prevalence rate of 0.5%. A panel of 132 produce STEC strains were characterized for the presence of virulence and pu-
tative virulence factor genes and for Shiga toxin subtypes. About 9% of the isolates were found to have the eae gene, which en-
codes the intimin binding protein, and most of these belonged to known pathogenic STEC serotypes, such as 0157:H7 and 026:
H11, or to serotypes that reportedly have caused human illness. Among the eae-negative strains, there were three O113:H21
strains and one O91:H21 strain, which historically have been implicated in illness and therefore may be of concern as well. The
ehxA gene, which encodes enterohemolysin, was found in ~60% of the isolates, and the saa and subAB genes, which encode
STEC agglutinating adhesin and subtilase cytotoxin, respectively, were found in ~30% of the isolates. However, the precise roles
of these three putative virulence factors in STEC pathogenesis have not yet been fully established. The stx,, and stx,, subtypes
were present in 22% and 56%, respectively, of the strains overall and were the most common subtypes among produce STEC
strains. The stx,  subtype was the second most common subtype (28% overall), followed by stx,_ (7.5%), and only 2 to 3% of the
produce STEC strains had the stx,, and stx,, subtypes. Almost half of the produce STEC strains had only partial serotypes or
were untyped, and most of those that were identified belonged to unremarkable serotypes. Considering the uncertainties of some
of these Stx subtypes and putative virulence factors in causing human illness, it is difficult to determine the health risk of many

of these produce STEC strains.

Increases in the consumption of fresh produce have resulted in
increases in food-borne outbreaks and illness associated with
these products, prompting federal agencies to monitor the micro-
bial quality of fresh produce. The FDA has implemented import
and domestic compliance programs to check produce samples for
the presence of pathogens. Also, the USDA Agricultural Market-
ing Service initiated the Microbiological Data Program (MDP) in
2001 to conduct microbial surveys of fresh produce samples col-
lected from wholesale distribution centers across the country. On
average, 10,000 to 15,000 samples were tested by MDP yearly
for the presence of Salmonella, enterotoxigenic Escherichia coli
(ETEC), E. coli serotype O157:H7, and other Shiga-toxigenic E.
coli (STEC) types. The annual MDP reports (http://www.ams
.usda.gov/AMSv1.0/mdp) showed that many of these bacteria can
be found in various types of fresh produce.

STEC strains are characterized by the production of Shiga tox-
ins (Stx), of which there are two main types, designated Stx1 and
Stx2. Within each toxin are many subtypes; currently, there are
three known Stx1 (Stxla, Stx1c, and Stx1d) and seven known Stx2
(Stx2a, Stx2b, Stx2¢, Stx2d, Stx2e, Stx2f, and Stx2g) subtypes (1).
Some of these subtypes have thus far been found mostly in envi-
ronmental or animal STEC strains and have not caused human
illness (2, 3). There are several hundred known STEC serotypes
that can produce any of the Stx subtypes or any combination of
subtypes, but not all have been implicated in illness. The produc-
tion of Stx alone, without an adherence factor, is deemed to be
insufficient to cause severe disease. In contrast, enterohemor-
rhagic E. coli (EHEC), a subset of STEC, is composed of patho-
genic strains that carry other virulence factors. Most notable of
these factors is the production of intimin protein, encoded by the
eae gene, which enables the pathogen to attach to epithelial cells.
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The presence of eae and stx, has been determined to be an impor-
tant predictor that STEC strains may cause severe disease, such as
hemolytic-uremic syndrome (HUS) (4). Serotype O157:H7 is the
prototypic EHEC strain, but others, in serogroups 026, 0111, and
0103, to name a few, have eae and have caused severe illness.
There are also other EHEC strains, such as strains of serotypes
0113:H21 and O91:H21, that do not have eae but have caused
HUS (5). These eae-negative EHEC strains are postulated to have
other putative adherence and virulence-associated factors, which
include STEC agglutinating adhesin (Saa) and subtilase cytotoxin
(SubAB) (5). Many EHEC and STEC strains also produce entero-
hemolysin, encoded by the plasmid-borne ehxA gene, but its role
in pathogenesis remains uncertain (4, 6).

The produce-associated STEC strains isolated by the MDP
were tested for the presence of stx,, stx,, eae, and ehxA by the E. coli
Reference Center at Penn State University. The STEC strains iso-
lated by the FDA and the contracting labs were screened mainly
for stx,, stx,, and serotype O157:H7-specific targets. To better
characterize these STEC strains isolated from produce, we tested
them for the presence of other STEC virulence and putative viru-
lence factors. Furthermore, studies have examined the prevalences
of Stx subtypes among STEC strains isolated from clinical, animal,
and some food sources, but not from produce. Hence, we also
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TABLE 1 Distribution and serotypes of some STEC strains isolated from various produce types

Commodity No. (%) of isolates Serotype(s)”

Cantaloupe 3(2.2) Ont:H11, Ont:H52, O88:H38

Chives 1(0.7) See Table 3

Cilantro 18 (13.6) Ont:H16, Ont:H31, Ont:H49, Ont:H52, O1:H+, O8:H16, O8:H28, O113:H5, O139:H1, O153:
H21, O168:H8

Coriander 3(2.2) Ont:H7, 02:H25, O119:H4

Hot peppers 3(2.2) 08:H9, 024:H11, O180:H14

Lettuce 28 (21.2) Ont:Hnt, 06:H49, O8:H28, Ont:H2, Ont:H8, O136:H16, O143:H34, O163:H19, O168:H—, O168:
H8, O181:H49

Parsley 1(0.7) Ont:H38

Spinach 70 (52.6) Ont:H2, Ont:H11, Ont:H16, Ont:H19, Ont:H21, Ont:H28, Ont:H38, Ont:Hnt, O8:H—, O8:H28,
O11:H15, O21:Hnt, O76:H+, O88:Hnt, 098:H36, O107:Hnt, O113:H36, O130:H11, O159:H19,
0O181:H49

Sprouts (alfalfa) 3(2.2) Ont:H28, Ont:Hnt, O36:H14

Tomatoes 3(2.2) Ont:Hnt

Total 132

@ Excludes serotypes listed in Table 2. Also, some serotypes were isolated multiple times from the same type of produce. nt, not typed.

tested these produce STEC strains for the prevalence of specific Stx
subtypes.

MATERIALS AND METHODS

Bacterial strains. The 132 produce STEC strains used in this study con-
sisted of 105 strains from the MDP analysis of produce samples from 2002
to 2012, 17 strains from analyses performed by private laboratories under
contract by the FDA, and 10 strains from produce testing done by the
FDA. The O157:H7 strain from the 2006 spinach outbreak was included in
the study for comparative purposes to show the genes or subtypes carried
by this strain.

Characterization. All MDP strains and some of the other isolates were
serotyped by the E. coli Reference Center at Penn State University. Al-
though many of the STEC isolates had already been tested for the stx,, stx,,
eae, and ehxA genes, the specificities of the primers used were unknown,
so it was uncertain that all the various eae alleles and Stx subtypes were
detected. Hence, the isolates were retested by a 5P multiplex PCR assay to
verify the presence of the stx,, stx,, and ehxA genes (7). The stx primers
used in the 5P assay have been shown to detect all stx subtypes except for
stx, 4 and stx,¢ (8), and the ehxA primers detect both cluster I and II ehxA
genes (7).

There are reportedly about 30 eae alleles, designated by Greek letters
and carried by various STEC strains. To confirm the presence of the eae
gene among the produce STEC strains, eae-specific primers designed from
the homologous regions within 15 different eae alleles were used for anal-
ysis (9). Strains found to have eae were further tested with eae allele-
specific PCR primers (data not shown).

STEC strains that did not have eae were tested for the presence of other
putative virulence genes. Characterization of eae-negative O113:H21
strains identified Saa, encoded by the saa gene, as a putative adherence
protein (5) but also found SubAB, encoded by the subAB gene (10), as a
putative virulence factor. Both of these genes are prevalent in eae-negative
STEC strains, so produce STEC strains that did not have eae were tested
using saa-specific (11) and subAB-specific (10) PCR primers.

In light of an outbreak in the European Union caused by Stx-produc-
ing enteroaggregative E. coli (EAEC) of serotype O104:H4 that implicated
sprouts, the panel of produce STEC strains was also tested by PCR for the
presence of the aggR gene (12), which encodes the transcriptional activa-
tor of virulence genes in EAEC strains.

Stx subtyping. STEC strains that were confirmed to carry either stx;,
stx,, or both were tested by PCR to determine the specific stx subtypes. The
subtype-specific primers and the PCR protocol used were described by
Scheutzetal. (1). Subtypes stx,,, stx, ., and stx, ; have been found to be very
closely related, and primer cross-reactivity has been reported to occur (1).
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Thus, strains found to carry 2 or all 3 of these subtypes, especially stx, and
stx,4, were retested with a 66°C annealing temperature instead of 62°C, as
prescribed by Scheutz et al. (1).

RESULTS

The various produce commodities from which STEC strains were
isolated are summarized in Table 1. About 52% of the STEC
strains tested were isolated from spinach, but many were also iso-
lated from lettuce (21%) and cilantro (14%). Of the 132 STEC
strains, 56 yielded partial serotype data, where either the O or H
antigen or both could not be identified. Some of the STEC sero-
types observed are shown in Table 1, and those that are known
pathogenic serotypes or serotypes that have historically been iso-
lated from infections (13) are listed in Table 2. More details on the
MDP STEC strains can be found in the MDP reports (http://www
.ams.usda.gov/AMSv1.0/mdp).

Results of our PCR analyses for stx, eae, and ehxA were mostly
consistent with reported data, but there were some discrepancies.
A few strains reported to be STEC were found to not carry stx
genes, and a few strains reported to have stx, actually had stx, and
vice versa (data not shown). A similar discrepancy was observed
for the presence or absence of ehxA in some strains. In total, 81/
132 (61%) produce STEC isolates examined had the ehxA gene.
All strains reported to have the eae gene were confirmed by our
assay, and in addition, two strains not reported to have eae were
found to carry the eae gene. Excluding the spinach E. coli O157:H7
strain, 12/132 (9.0%) produce STEC strains had eae (Table 2), and
these consisted of 5 O157:H7 strains that had vy-eae, two E. coli
026:H11 strains with B-eae, two O165:H25 strains and an O121:
H19 strain with €-eae, and two other strains whose eae alleles
could not be typed (Table 2). Analysis for the other putative viru-
lence factors in eae-negative strains showed that 35% (43/120
strains) had the saa gene and 32% (38/120 strains) had the subAB
gene (Table 3). STEC strains often had both of these genes, except
for a few strains that had one or the other. Lastly, none of the 132
produce STEC strains were found to be positive for the aggR gene
(Table 3).

Analysis for Stx subtypes showed that 16/132 (10%) produce
STEC strains had stx; only (Table 3), and subtyping PCR showed
that of those, 14/16 (87%) had the stx,, subtype. The stx,, subtype
was also predominant among strains that had multiple subtypes,
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TABLE 2 Serotypes and pathotypes of selected STEC strains from
produce?

Stx Subtypes in STEC from Produce

TABLE 3 Prevalence of stx subtypes and virulence and putative
virulence genes among produce STEC strains

Commodity Serotype Pathotype
Cherry tomato 08:H19” StX,, SEX, ¢ SEX,, ehxA subA/B
Chives 0157:H7 StX, StX,, y-eae ehxA
Cilantro 020:H19" SIX,, StX, g saa ehxA
026:H11 stx,, B-eae ehxA
0165:H25 Stx,, Stx,, ehxA €-eae
Untyped stx,, eae® ehxA
Lettuce 02:H27¢ stx,, ehxA
0121:H19 stx,, ehxA e-eae
0157:H7 stx,, y-eae
0157:H7 stx,, y-eae ehxA
0163:H19" StX,, SIX,4 hxA subA/B
0165:H25 stx,, Stx,, ehxA €-eae
0174:H21° SX,,
Spinach 0157:H7 5tX,, StX, . Y-eae ehxA
08:H19" StX,, StX,q ehxA
08:H19” stx,, ehxA
026:H11 stx,, Stx, . B-eae ehxA
082:H8¢ stx,, ehxA saa
082:H8° stx,, ehxA saa
091:H21 stx,, ehxA saa
098:H36" stx,, eae” ehxA
0113:H21 stx,, ehxA saa subAB
0113:H21 5tX5, StX, 4 ehxA saa subAB
0113:H21 51X, StX, 4 ehxA saa subAB
0O116:H21°¢ stx,, ehxA saa subAB
0157:H7 stx,, y-eae ehxA
0157:H7 51X, StX, Y-eae ehxA
0174:H2° stx,, ehxA saa
0174:H21° SEX,, SEX,, StX,4 ehxA saa subAB

“ The data listed include known pathogenic serotypes (in bold) and serotypes that have
reportedly been isolated from patients with HUS and other illness.

b Serotype reportedly isolated from patients with HUS (13).

¢ Serotype reportedly isolated from patients with other illnesses (13).

 Serotype has no history of causing illness (13).

¢ Serotype reportedly isolated from patients with HUS (10).

/Cause of spinach outbreak of 2006. This strain was included for reference.

£ eqe allele is undetermined.

" eae allele is undetermined but is not the a, B, €, or v allele.

and except for 1 strain that had stx,. and stx,,, the stx,, subtype
was found in 15/16 strains that had combinations of subtypes
(Table 3). The other stx, subtypes were rare among the produce
STEC strains, with only 2 strains (1.5%) that had stx,_alone and 2
others that had stx,, and stx,.. None of the STEC strains had the
stx, 4 subtype.

The stx,, subtype was the most common and was found in 35%
(46/132 strains) of the produce STEC strains overall (Table 3);
among the strains with Stx2 only, 63% (46/73 strains) had stx,,.
The overall prevalence rates for the other stx, subtypes were as
follows: stx,q, 11%; stxsc, 3.7%s stx,e, 3%; and stx,g, 2.2% (Table
3). No strains carried stx,, and stx,, alone, but 1 strain had stx,,
and stx,.. Among the strains that had multiple stx, subtypes,
strains with stx,, and stx,4 were the most common (17 strains).
There were 3 strains that had stx,, and stx,., and 2 of these were
0157:H7 strains. A few other strains had combinations of various
stx; and/or stx, subtypes (Table 3). The specific stx subtypes and
the virulence and/or putative virulence factors carried by the pro-
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No. (%) of isolates

Gene” Subtype(s) (n=132)"
stx la 14 (10.5)
lc 2(1.5)
1d ND
2a 46 (34.6)
2b ND
2¢ 5(3.7)
2d 15 (11.7)
2e 4(3.0)
2f ND
2g 3(22)
la, 1c 2 (1.5)
la, 2a 5(3.7)
la, 2¢ 2 (1.5)
la, 2d 3(2.2)
1c, 2b 1(0.7)
2a,2d 17 (12.8)
2a, 2¢ 3(2.2)
la, 1c, 2a 1(0.7)
la, 2a,2d 2(1.5)
eae 12 (9.0)
ehxA 81 (60.9)
saa 43 (35)°¢
subAB 38 (32)°
aggR 0(0.0)

“ stx, Shiga toxin gene; eae, intimin gene; ehxA, enterohemolysin gene; saa, STEC
agglutinating adhesin gene; subAB, subtilase cytotoxin gene; aggR, EAEC virulence
regulator gene.

b ND, not detected.

¢ Percentage was calculated based on number of eae-negative strains (n = 120).

duce STEC strains that belonged to known pathogenic serotypes
and serotypes that historically have been associated with human
illness (13) are shown in Table 2.

DISCUSSION

STEC can be found in various environmental and food sources (3,
14-16), and produce is no exception, as many STEC strains have
been isolated from produce, especially from spinach, lettuce, and
cilantro. To estimate the prevalence rates of STEC in these prod-
ucts, we took the number of STEC strains isolated annually by the
MDP in relation to the ~2,200 samples of each commodity tested
yearly and determined that STEC was present in 0.5 to 0.6% of the
spinach, 0.3 to 0.5% of the cilantro, and 0.04 to 0.18% of the
lettuce samples. It should be pointed out, however, that these es-
timations were based on the MDP data from the last few years and
thus may not be indicative of the overall trend. For example, based
on data from recent years, the estimated prevalence rate of STEC
for lettuce seems low: there were higher isolation rates from let-
tuce in other years, and considering that 28/132 STEC strains we
examined were from lettuce, the 0.04 to 0.18% prevalence rates
obtained for lettuce may be underestimated. These observations
also suggest that prevalences can vary greatly and depend on many
factors, including seasonal and regional variations.

The estimated prevalence rate of 0.5% for spinach, however,
seems fairly stable, as 11 to 14 STEC strains were isolated each year
from 2009 to 2011 and 21 STEC isolates (0.95%) came from spin-
ach in 2012. Spinach testing was initiated by the MDP in 2008 in

aem.asm.org 6919


http://aem.asm.org

Feng and Reddy

response to the O157:H7 outbreak from spinach in 2006. Yet in
only 4 years of testing (2008 to 2012), spinach accounted for over
half (56/105 strains) of all STEC isolations. While many of these
STEC serotypes were unremarkable, with no history of having
caused human illness, their prevalence suggests that there may be
some correlation between STEC and spinach plants or spinach
cultivation and processing practices.

The ehxA gene, which encodes enterohemolysin, was detected
in 61% of the produce STEC strains. This is consistent with re-
ports that this gene is common among STEC strains. Analysis of
343 STEC strains isolated from clinical patients in Denmark
showed that 77% had the ehxA gene, but its presence could not be
correlated with the occurrence of HUS or bloody diarrhea (4). The
ehxA gene is also prevalent among STEC strains in the environ-
ment, as it was found in 30 to 63% of STEC isolates from farm
animals (6, 15),and ~40% of STEC strains from deer carried ehxA
(2, 17). Analysis of STEC isolates from foods showed that 33% of
the strains isolated from Swiss raw milk cheeses (18) and 40% of
those isolated from ground beef, sausages, and milk in Germany
(19) had ehxA. A recent U.S. study of 338 STEC isolates from
commercial ground beef showed an even higher prevalence rate,
as 78% of the STEC strains were found to have ehxA (20). Hence,
our finding that ~60% of the produce STEC strains had ehxA is
consistent with these reports. Almost all the known and reportedly
pathogenic STEC strains from produce had ehxA (Table 2), but
there were a few exceptions. Serotype O157:H7 strains almost al-
ways had the ehxA gene, but an O157:H7 strain isolated from
lettuce did not (Table 2). Thus far, the role of ehixA in STEC patho-
genesis is uncertain, as the virulent sorbitol-fermenting O157
strains that caused many HUS outbreaks in the European Union
did not express ehxA (21). Furthermore, an analysis of ~300 ge-
neric E. coli strains isolated from water from various states in the
United States showed that all had and expressed ehxA and none
had stx genes (22). Except for the absence of ehxA, the lettuce
isolate was a typical O157:H7 strain that had stx, and y-eae, so it
was most likely pathogenic.

The saa and subAB genes are putative virulence factors that are
found mostly in eae-negative STEC strains (10, 23, 24). Consis-
tently, neither gene was present in produce STEC strains that had
eae, and among the eae-negative strains, 35% and 32% had the saa
and subAB genes, respectively. The plasmid-borne saa gene was
first identified in an eae-negative O113:H21 strain that was impli-
cated in an outbreak of HUS in Australia (5). The Saa protein was
determined to be an adherence factor, as a plasmid-cured, saa-
negative O113:H21 mutant showed reduced adherence compared
to the wild type, and the purified Saa protein enhanced adherence
to HEp-2 cells (25). Jenkins et al. (26) examined the distribution of
the saa genes and determined that although saa was found in some
clinical STEC strains, there was no significant correlation between
the presence of saa and HUS, and moreover, many STEC strains
isolated from healthy cattle had saa. These findings were sup-
ported by others, which showed that 40% and 53% of the eae-
negative STEC strains from humans and cattle, respectively, car-
ried saa (27). Similarly, another study showed that ~30% of the
STEC strains isolated from cattle and meats had saa (24, 28), but
among ede-negative strains, as many as 48% carried the gene (24).
Our finding that 35% of produce STEC strains have saa is consis-
tent with the fact that this gene is common among STEC strains
but provides no further insight into the role of this adherence
factor in pathogenesis.
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The subtilase cytotoxin encoded by the subAB gene has been
determined to be a potent toxin that is even more cytotoxic to
Vero cells than Stx is (29). It is also found predominantly in eae-
negative STEC strains, but its role in the pathogenesis of eae-neg-
ative STEC strains also remains uncertain. For instance, strains of
the 091:H21 and O22:H8 serotypes have caused severe illness, but
ground beef STEC isolates of these serotypes did not have subAB
(20). Consistent with this report, the O91:H21 strain that was
isolated from spinach had saa but not subAB (Table 2). The prev-
alence of the subAB gene among STEC strains varies greatly. A
study of environmental STEC strains in Brazil showed that 25% of
the ~1,200 strains tested had subAB, and the prevalence rates
ranged from 3% in isolates from goats to 44% in those from dairy
cattle (23). Another study from Brazil tested 121 STEC strains
isolated from clinical and animal samples and found subAB in
48% of the strains but not in the 49 clinical isolates (30). It should
be mentioned, however, that 46/49 clinical isolates examined in
that study had eae and therefore would not have been expected to
have subAB. A survey of ~200 eae-negative STEC strains in Ar-
gentina showed that 36% of the cattle and 32% of the human
STEC isolates had subAB (27). Even higher prevalence rates were
reported by others, as 72% and 86% of the eae-negative STEC
strains from diarrhea patients and healthy sheep, respectively,
were found to carry subAB (31). A study of STEC strains from
foods showed that 49% of the STEC strains isolated from ground
beef in the United States carried subAB (20). Thus, our finding
that 32% of the produce STEC isolates had the subAB gene was not
unusual. Both the saa and subAB genes were originally identified
inan O113:H21 strain (11) and have been reported to be prevalent
in this serotype (10, 27). There were three O113:H21 strains that
were isolated from spinach, and all three carried both saa and
subAB (32). Studies of STEC isolated from animals and ground
meats showed that O116:H21 strains often also carried subAB (20,
23). There were three O116:H21 strains, all isolated from spinach,
and two carried subAB, so this gene does appear to be fairly prev-
alent in this serotype as well. It is uncertain if these O116:H21
strains from spinach were pathogenic, but a strain of the O116:
H21 serotype was reported to have been isolated from an HUS
patient in Australia (10), suggesting that some strains in this sero-
type may be pathogenic.

Excluding the O157:H7 spinach outbreak strain included in
Table 2 as a reference, the eae gene was found in 12 (9.0%) pro-
duce STEC strains, and most of these were of known pathogenic
serotypes or serotypes that reportedly have caused human illness
(13), so it is easy to surmise that these strains are health risks.
However, there were a few exceptions, as an O98:H36 strain from
spinach and an untyped strain from cilantro both had stx,, and an
untyped eae allele. Although STEC strains of serotype O26:H11
that have stx,, and B-eae have caused infections and are known
pathogens, O98:H36 strains have had no history of causing illness.
Still, the presence of the eae adherence gene and stx,, in the same
strain is suggestive that both strains may have the potential to
cause disease.

Although eae is the predominant adherence factor among
EHEC strains, other pathogenic E. coli strains utilize different ad-
herence factors. For example, the O104:H4 strain that caused the
large HUS outbreak in the European Union was an EAEC strain
that was postulated to have acquired the ability to produce Stx.
The virulence mechanism of EAEC strains is mediated by the
aggR-encoded transcriptional activator to enable aggregative at-
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tachment of EAEC strains to epithelial cells (12). Analysis of the
produce STEC strains showed that none of the strains had aggR
and therefore were not EAEC strains. Analogous to the situation
with eae, the presence of stx and aggR within the same strain would
have been of health concern.

The prevalences of Stx subtypes in STEC strains isolated from
clinical, animal, and environmental sources have been reported
(3, 14, 16, 20, 33), but not those for STEC strains isolated from
produce. Before discussing our Stx subtyping results, however, it
should be mentioned that some Stx2 subtypes, especially stx,,,
stx,, and stx, g, share DNA sequence homologies, and prior to the
proposal of Scheutz et al. (1) in 2012, few attempts were made to
standardize Stx nomenclature or subtyping methods. For exam-
ple, 11 STEC strains isolated from cattle and sheep were originally
thought to carry stx,, but further testing showed that 7 of them
actually had the stx,4-activatable subtype (34). Due to the lack of
consensus, the subtype designations used in some of the cited
studies may be different, which may account for some differences
in the prevalence rates of these 3 subtypes.

Of the 132 produce STEC strains examined, 16 strains had
stx, alone. Of these, none had stx, 4; only 2 strains, both Ont:H52
(“nt” = not typed) serotype strains, had stx,. only; and a few
others had stx;. in combination with other subtypes. The two
Ont:H52 strains were previously characterized and shown to ex-
press Stx1, carry the stable toxin gene of ETEC, and belong to a
unique clonal group (35). The stx, . subtype does not appear to be
common, as a study of STEC isolates from ground beef in the
United States showed that only 3/338 strains had stx;. (20). In
contrast, however, an analysis of 140 STEC strains isolated from
animals, meats, and humans in India showed that the stx,. and
stx, 4 subtypes were present in 10% and 13% of the strains, respec-
tively, and 80% of these strains were isolated from nonclinical
sources (33). Little is known about the clinical significance of the
stx; 4 subtype, but stx; . is the most common subtype among STEC
strains isolated from sheep and wild deer, and also from wildlife
meats (2, 36,37). The stx, . subtype is usually found in eae-negative
STEC strains and causes infections that tend to be asymptomatic
or manifest as mild diarrhea (38). The stx,. subtype has not yet
been detected in O157:H7 strains.

Most produce STEC strains that had Stx1 alone had the stx,,
subtype, and this was also the most common subtype found in
combination with other, mostly stx, subtypes, for an overall prev-
alence rate of 22% (29/132 strains). Pathogenic STEC strains that
produce Stx1 most often have the stx,, subtype, and accordingly,
all the produce STEC strains from the known pathogenic sero-
types had stx,,. However, except for the 098:H36 strain and the
untyped strain already mentioned, all the other produce STEC
strains that had stx;, did not have eae, but a few had saa and/or
subAB. Considering the uncertainties of these two factors in STEC
pathogenesis and the absence of a known adherence factor in these
strains, it is difficult to assess if these stx, ,-bearing produce STEC
strains can cause severe disease.

There were 73 produce STEC strains that had stx, alone, and of
these, 3 had stx,,, 4 had stx,,, and none had stx,;, and stx,.. Also,
except for 1 strain that had stx, . and stx,, these four stx, subtypes
were not found in combination with other subtypes in any pro-
duce STEC strain. The stx, subtype was originally found in STEC
strains from pigeons (39), and genetically, it is very distinct from
the other subtypes. The stx,¢ subtype has not been implicated in
disease (2, 40, 41), and it is also rare, as various analyses of STEC
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strains isolated from the wild, from bovine farm environments,
and from humans have not detected this subtype (2, 15, 42). The
stx,;, subtype was originally proposed to designate a variant of stx,
that was found in STEC strains that did not cause HUS (40), so it
appears to not cause severe illness (2). Although stx,, was present
in only 1 produce STEC strain and in combination with stx;, , this
subtype may be common elsewhere. An analysis of STEC strains
isolated from deer droppings and wild deer populations in Swit-
zerland showed that 24/52 isolates examined had stx,, (2). The
stx,, subtype was found in only 3 (2%) produce STEC strains, and
these were isolated from sprouts, spinach, and coriander. The stx,,
subtype was first isolated from bacteriophages in feces-contami-
nated water (43), and except for a report of a STEC strain with
stx,, being isolated from a patient without diarrhea (F. Scheutz,
personal communication), it has rarely been found in human
strains (36). However, stx,, may not be rare, as it was present in
8.4% (9/107 strains) of the STEC strains isolated from farm envi-
ronments (15) and also detected in some STEC strains isolated
from foods (36).

The stx,. subtype was detected in 4 produce STEC strains iso-
lated from pepper, cilantro, and basil. STEC strains that have stx,,
are most often isolated from pigs and pork meats (36) and are
commonly associated with pig edema disease (44). Some human
STEC strains have occasionally been found to have stx,,, but the
prevalence rate is low, and it also exists with similar frequencies
between isolates from asymptomatic and diarrheic patients (42).
Studies also showed that high production of Stx2e by human
STEC isolates had no correlation to diarrheal diseases, suggesting
that this subtype is not pathogenic for humans (44). Some of the
produce STEC strains that carried stx,, and stx,, also had ehxA,
but none had eae, saa, or subA/B. Considering the uncertain im-
plications of these Stx subtypes in human disease, these produce
STEC strains are most likely of low health risk.

The Stx2 toxin is regarded as more potent than Stx1, and of the
Stx2 subtypes, Stx2a, Stx2c¢, and Stx2d have most often been im-
plicated in severe illnesses such as HUS (40, 45). Among the pro-
duce STEC strains examined, the stx,, subtype was the most com-
mon and was found in 56% (74/132 strains) of the STEC strains
overall; among strains that had stx, alone, it accounted for 63%
(46/73 strains) of the isolates. Pathogenic STEC strains often pro-
duce Stx2a, and accordingly, almost every produce STEC strain
that had stx, and belonged to a known pathogenic serotype or a
serotype that has historically been reported to cause illness had the
stx,, subtype (Table 2). Several studies have shown that the stx,,
subtype is very prevalent among environmental STEC strains. In
Spain, the prevalences of stx,, ranged from 18% in STEC strains
isolated from sewage and wastewater sources (14) to 50% in STEC
strains isolated from wildlife (16). One study from India showed
that over 70% of STEC strains isolated from animal stools had the
stx,, subtype (33). Among STEC strains isolated from foods, the
stx,, subtype was found in 40% (11/27 strains) of the strains iso-
lated from Swiss raw milk cheeses (18). In the United States, it was
found in 26% (89/338 strains) of the STEC strains isolated from
ground beef that had Stx2 alone, and in combination with other
stx subtypes, it was present in 130 other strains, for an overall
prevalence rate of 64% (219/338 strains) (20). Our finding that
56% of the produce STEC strains overall had stx,, is consistent
with the observation that this subtype is very prevalent among
STEC strains isolated from various sources, including produce.

The stx,. subtype has been implicated in human illness, and
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stx,.-bearing STEC strains have been associated with severe ill-
nesses such as HUS (40, 42). For example, the O157:H7 strain that
caused the large spinach outbreak in the United States in 2006 had
both stx,, and stx, . The prevalence of stx,_ varies greatly. A study
in India showed that stx,. was the most common subtype among
STEC strains isolated from animal stools and was found in 37% of
the isolates. A study from Spain showed similar results, where 38%
of the STEC strains isolated from cattle fecal wastes had the stx,_
subtype (14). An analysis of STEC isolates from ground beefin the
United States showed that 11% of them carried stx,. alone, but
another 16.5% of the isolates had both stx,, and stx,. (20). Among
the produce STEC strains, only 5 isolates (3.7%) had stx, alone,
another 3 strains (2.2%) had stx,, and stx, (2 of these were E. coli
0157:H7 strains), and 2 other strains had stx,, and stx,, so the
stx,. subtype was found in only 7.5% of the strains overall and was
not very prevalent among this panel of produce STEC strains.
The Stx2d subtype used to be differentiated into the Stx2d and
Stx2d-activatable subtypes to distinguish those that can be acti-
vated by elastase in the mucus, which increases Vero cell cytotox-
icity by several hundredfold (46). The Stx2d-activatable toxin is
usually the sole Stx produced by eae-negative STEC strains, and it
was found to be associated with severe diseases such as bloody
diarrhea and HUS (45). The Stx2d-activatable subtype used to be
identified by PCR followed by Pstl restriction analysis, but the
recently proposed sequence-based nomenclature system has
grouped the Stx2d-activatable subtype into Stx2d, and some of the
Stx2d strains that were nonactivatable have now been reclassified
as Stx2b strains (1). The proposed Stx2d nomenclature only im-
plies activation potential; hence, the term “activatable” is still used
by some to designate strains that have been shown to be activated
by elastase. The stx,4 subtype was the second most common stx,
subtype among produce STEC strains and was found by itself in
11% (15/132 strains) of the strains, but it was also present in an-
other 22 strains that also had other subtypes, mostly stx,,. Thus,
stx,q was present in 28% (37/132 strains) of the produce STEC
strains overall. The prevalence rate of the stx,; subtype among
STEC strains varies greatly, ranging from 0.8% in STEC strains
isolated from ground beef in the United States (20) to 9% in
strains isolated from human and animal stools in India (33). A
Swiss study which used the same stx subtyping primers and pro-
tocol as this study showed that 9.6% of the STEC strains isolated
from wild deer populations had the stx,4 subtype (2). Thus, our
finding that 11% of the produce STEC strains carried the stx,q
subtype is fairly consistent with that report. STEC strains of sero-
types O113:H21 and O91:H21 that carry stx,4 alone have caused
HUS (5, 10). There were 3 spinach isolates of the O113:H21 sero-
type, but 2 had stx,, and stx,4, and the other had stx,, alone. Sim-
ilarly, the E. coli O91:H21 strain from spinach had only stx,,. Thus,
none of these strains had stx,4 alone, so it is uncertain if these
produce strains are analogous to the stx,4-bearing strains of these
serotypes that caused severe illness. Most of the other produce
STEC strains that had the stx, 4 subtype alone were not serotyped
or yielded only partial serotypes, and of those that were typed,
most belonged to unremarkable serotypes such as O168:H8 and
0181:H49, to name a couple. Also, some had the saa and subAB
genes, but there were also many that had neither of these genes nor
ehxA, and hence, the health risks of these strains are uncertain.
In summary, over half of the produce STEC strains examined
were isolated from spinach, and about 9% of this panel of strains
had the eae gene. These included strains of the O157:H7, O121:
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H19,026:H11, and O165:H25 serotypes, which are known patho-
gens, but also included a few eae-bearing strains that had no his-
torical implication in illness. Although most of the produce STEC
strains did not have eae, there were a few strains of serotypes O91:
H21 and O113:H21, which historically have caused severe illness.
Over half of the produce STEC strains had ehxA, and about a third
also had saa, subAB, or both, but the roles of these genes in STEC
pathogenesis remain uncertain. The produce STEC strains carried
many different Stx subtypes, with stx,, and stx,, being the most
common and being observed either by themselves or in combina-
tion with other subtypes. Most of the produce strains that be-
longed to recognized pathogenic STEC serotypes had the stx,, and
stx,, subtypes, and many of these also had eae. The stx,4 subtype
was the second most prevalent subtype among produce STEC
strains and was often found by itself or in combination with stx,,.
Many of these stx,4-bearing strains were only partially serotyped,
were untyped, or belonged to unremarkable serotypes. The stx,,
51y, and stx,, subtypes were detected in a few strains, and the
other stx, and stx, subtypes were not detected or were present in
only a few produce STEC strains. Considering the uncertainties of
some of these Stx subtypes and putative virulence factors in STEC
pathogenesis, it is uncertain if many of the eae-negative produce
STEC strains can cause severe human illness.
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