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Abstract: Shiga toxin (Stx), the main virulence factor of Shiga-toxin-producing E. coli (STEC), was
first discovered in Shigella dysenteriae strains. While several other bacterial species have since been
reported to produce Stx, STEC poses the most significant risk to human health due to its widespread
prevalence across various animal hosts that have close contact with human populations. Based
on its biochemical and molecular characteristics, Shiga toxin can be grouped into two types, Stx1
and Stx2, among which a variety of variants and subtypes have been identified in various bacteria
and host species. Interestingly, the different Stx subtypes appear to vary in their host distribution
characteristics and in the severity of diseases that they are associated with. As such, this review
provides a comprehensive overview on the bacterial species that have been recorded to possess stx
genes to date, with a specific focus on the various Stx subtype variants discovered in STEC, their
prevalence in certain host species, and their disease-related characteristics. This review provides a
better understanding of the Stx subtypes and highlights the need for rapid and accurate approaches
to toxin subtyping for the proper evaluation of the health risks associated with Shiga-toxin-related
bacterial food contamination and human infections.

Keywords: Shiga toxin; subtype; host distribution characteristic; prevalence

1. Introduction

Shiga toxin (Stx) was first discovered in 1897 in Shigella dysenteriae by the Japanese
microbiologist Kiyoshi Shiga [1]. Although this toxin initially appeared to be exclusive to
S. dysenteriae serotype-1 strains, in 1977, Konowalchuk et al. identified a toxin produced
by several E. coli strains exhibiting toxic effects in Vero cells that was later characterized
as a Shiga-like toxin due to its functional, antigenic, and structural similarities to the
Stx produced by S. dysenteriae [2,3]. Additional commonalities between the identified
verotoxin/Shiga-like toxin and Stx were observed at the sequence level, as the translated
amino acid sequences for each toxin’s subunits were found to be very similar and, in some
cases, even 100% identical [4]. As such, due to the similarity shared between these toxins,
the term ”Shiga toxin” was proposed as the prototypical name representing all members of
this toxin family, though ”verotoxin” remains in use, albeit with declining popularity [5,6].

Shiga toxin is encoded in the genome of bacteriophages, which is usually integrated
as a prophage in the bacterial chromosome [7]. Upon induction, the phage enters the lytic
cycle, during which the Shiga toxin gene is expressed [7]. Structurally, Stx is an AB5-type
toxin composed of one 32 kDa A subunit covalently bonded to a pentamer consisting of five
identical 7.7 kDa B subunits [8]. The B subunits target the glycolipid globotriaosylceramide
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(Gb3) or globotetraosylceramide (Gb4) receptors of host cells [9]. Once bound, Stx can
enter host cells, where the N-glycosidase activity of the A subunit leads to the removal
of an adenine from the 28S rRNA [10], resulting in the inhibition of protein synthesis in
the host cell [8]. Stx can also lead to the activation of ribotoxic stress and endoplasmic
reticulum stress responses, which can induce cell death via apoptosis, leading to the
increased expression of pro-inflammatory cytokines and the release of reactive oxygen
metabolites that lead to endothelial cell injury [11].

While a variety of bacterial species carry stx genes, Shiga-toxin-producing E. coli
(STEC) represents the most common bacterial population that is capable of causing human
disease. With ruminant animals as the natural reservoirs for STEC, this pathogen can
be transmitted to humans via fecal–oral routes through the ingestion of contaminated
food or water [12]. Upon infection, the patient may experience mild to severe diarrhea,
hemorrhagic enteritis, or hemolytic uremic syndrome (HUS), resulting in kidney failure, or
even death [8,13,14]. STEC strains are estimated to cause over 2,801,000 acute infections
worldwide, of which 3890 progress to HUS and 230 result in death [15]. Indeed, STEC
infection was consistently ranked as the third most common foodborne pathogen in the
U.S. from 2017 to 2022 (https://wwwn.cdc.gov/foodnetfast/, accessed on 2 August 2023),
and it continues to impose a significant burden on human health.

At present, a variety of Stx variants have been identified in various bacteria and host
species, with each being classified as a different subtype according to their biochemical
and molecular characteristics. Interestingly, select Stx subtypes appear to exhibit host-
related distribution patterns; thus, a better understanding of the health risks and host-
distribution patterns associated with each subtype would greatly inform clinical treatment,
risk evaluation, and policy development efforts, especially in the midst of an outbreak
caused by an Stx-producing pathogen. Herein, we provide a comprehensive overview on
the range of Stx subtypes, including those that were most recently discovered, and explore
the bacterial and animal host-related distribution patterns associated with each subtype.

2. Classification of Stx1 and Stx2 Subtypes

Shiga toxin can be grouped into two types, Stx1 and Stx2, according to their biological
activity and sequence identity [6,8]. Although both toxin types share the same cell receptor
and are structurally similar, Stx2 is substantially more toxic than Stx1 as it exhibits higher
affinity for host cell ribosomes and displays greater catalytic activity when assessed in
cytotoxicity tests using Vero and HeLa cells [16–18]. Furthermore, while related, the amino
acid sequences of Stx1 and Stx2 are only approximately 56% similar, with each group con-
taining several additional subtypes [11]. In 2012, Scheutz et al. performed a comprehesive
sequence-based analysis of Shiga toxin genes and standardized the nonmenclature of the
three Stx1 and seven Stx2 subtypes based on their common sequence characteristics [6].
Since then, a couple of new Stx subtypes have been discovered, and to date, Stx1 encom-
passes four subtypes (stx1a, stx1c, stx1d, and stx1e), while fifteen subtypes (stx2a to stx2o) are
associated with Stx2. Building on this, we performed a comprehensive review on all Stx
subtypes that have been discovered to date through scientific literature searches using the
keywords “Shiga toxin”, “Verotoxin”, “Shiga-like toxin”, and “subtype”. We also listed the
scientific literature in which each Stx subtype was first reported, based on the subtyping
protocol from Scheutz et al. [6], and summarized each subtype’s amino acid and nucleotide
sequence similarity to the other subtypes when available.

2.1. Discovery History of Stx Subtypes
2.1.1. Stx1 Subtypes

The Stx1 subtypes appear to exhibit a high degree of amino acid sequence similarity,
which can range from 95% to 98.3% across the different Stx1 subtype groups [6]. Despite
this homogeneity, Stx1 can still be classified into four distinct sub-groups, including stx1a,
stx1c, stx1d, and stx1e (Table 1), on the basis of sequence similarity and differences in each
subtype’s biochemical characteristics [6]. As the prototypical-type toxin in the Stx family,
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the Stx identified in S. dysenteriae type-1 strains belong to stx1a subtype [6]. Since its
discovery, various other Stx toxins belonging to the stx1a subtype have been identified in
other bacterial species, with it appearing particularly widespread in STEC strains.

Table 1. Original Shiga toxin subtype information.

stx Subtype NCBI Accession No. Author (Year)

stx1a Sequence available in the article Calderwood et al. (1987) [4]
stx1c AJ312232.1, AJ314838.1, AJ314839.1 Zhang et al. (2002) [19]
stx1d AY170851.1 Bürk et al. (2003) [20]
stx1e KF926684.1 Probert et al. (2014) [21]
stx2a X07865.1 Jackson et al. (1987) [22]
stx2b X65949.1 Paton et al. (1992) [23]
stx2c M59432.1 Schmitt et al. (1991) [24]
stx2d Sequence available in the article Ito et al. (1990) [25]
stx2e Sequence available in the article Weinstein et al. (1988) [26]
stx2f AJ010730.1 Schmidt et al. (2000) [27]
stx2g AY286000.1 Leung et al. (2003) [28]
stx2h CP022279.1:4122529-4123764 Bai et al. (2018) [29]
stx2i FN252457.1 Lacher et al. (2016) [30]
stx2j MZ571121.1 Gill et al. (2022) [31]
stx2k CP041435.1:4498391-4499631 Yang et al. (2020) [32]
stx2l AM904726.1 Koutsoumanis et al. (2020) [33]
stx2m WGO76391.1 and WGO76392.1 Bai et al. (2021) [34]
stx2n GCA_013342905.2 Lindsey et al. (2023) [35]
stx2o MZ229604 Gill et al. (2022) [31]

The first Stx1 variant, now designated the stx1c subtype, was identified by Zhang et al.
in 2002 [19]. Compared to the prototypical subtype stx1a, this subtype was found to exhibit
97.1% and 96.6% amino acid sequence identity, respectively, in its A and B subunits. Beyond
sequence divergence, the authors also demonstrated that Stx1c toxins may be antigenically
distinct from Stx1a toxins, as Stx1c toxins were titered out to a significantly lesser degree
than Stx1a toxins in a verotoxin-producing E. coli reverse passive latex agglutination
(VTEC-RPLA) assay [19].

In 2003, Bürk et al. [20] identified another novel Stx1 variant, designated as stx1d.
Compared to the prototypical stx1a, stx1d only exhibited 91% nucleotide identity overall,
while sharing 93.7% and 92.1% amino acid identity in their A and B subunits, respectively.
Furthermore, the Stx1d toxins appeared to be less potent compared with their prototypical
counterpart, as Stx1d toxins exhibited substantially lower levels of cytotoxicity to Vero cells
than Stx1a toxins [20].

The final Stx1 subtype, stx1e, was discovered in 2014 by Probert et al. [21] after Shiga
toxin was detected in an Enterobacter cloacae strain isolated from an HUS patient from
whom the supernatant of a culture of E. cloacae strain was found to be cytotoxic to Vero cells.
Sequence analysis demonstrated that the stx toxin shared only 87% amino acid sequence
identity with the closest Stx1 subtype reference sequence, thereby prompting its designation
as a new subtype, stx1e [21].

2.1.2. Stx2 Subtypes

Stx2 toxins only exhibit roughly 50–60% amino acid identity compared to their Stx1
counterparts [31]. Furthermore, whereas Stx1 toxins exhibit a relatively high degree of
sequence homogeneity across subtypes, Stx2 toxins are considerably more heterogeneous.
Currently, fifteen Stx2 subtypes (stx2a to stx2o) have been reported (Table 1), based on
differences in their nucleotide/amino acid sequence identity [35].

The origins of Stx2 toxins date back to 1982, when Riley et al. first recovered E. coli
O157:H7 isolates from the stool samples of patients experiencing bloody diarrhea during
an outbreak [36]. While the mechanism of action was unknown, the authors suggested
that the recovered E. coli isolates were causing the episodes of bloody diarrhea through
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the production of a toxin that had not yet been identified. In the same year, Johnson
et al. reported for the first time that E. coli O157:H7 strains could be producers of the Vero
cytotoxin [37]. It was not until a few years later that Strockbine et al. [38] identified two
distinct Shiga-like toxins from E. coli O157:H7 strains in 1986 and named them Shiga-like
toxin I and Shiga-like toxin II, respectively. Specifically, the toxin that was eventually named
Shiga-like toxin II now serves as the prototypical Stx2 toxin, and it has been confirmed to
belong to the stx2a subtype based on sequence homology [22].

The first nucleotide sequence of an stx2b toxin was reported by Paton et al. in 1992 [23],
which was derived from an Stx produced by an E. coli OX3:H21 strain recovered from an
infant that passed from Sudden Infant Death Syndrome. Nucleotide sequence analyses
revealed that the A subunit of this toxin exhibited 95.9% sequence identity to a previously-
identified stx2d subtype, whereas the B subunit only exhibited 88.6% similarity to its Stx2d
counterpart [23].

In 1991, the first stx2c sequence was reported by Schmitt et al. [24], which was derived
from a toxin recovered from an E. coli O157 strain. Comparative nucleotide sequence
analyses revealed that the A and B subunit sequences of the stx2c subtype shared anywhere
between 94.6%~98.5% and 79.0~98.6% identity with the toxins beloninging to the stx2a,
stx2d, and stx2e subtypes.

The first Stx toxin belonging to the stx2d subtype appears to have been discovered in
1990 by Ito et al. [25], which was based on the characterization of a toxin originally named
VTX2ha that was produced by an E. coli O91:H21 strain recovered from an HUS patient.
Nucleotide sequence homology analyses demonstrated that this stx2d subtype shared 98.6%
and 95.5% nucleotide identity with the A and B subunits of an stx2a subtype, respectively.
Furthermore, when compared to other Stx2 variants, stx2d was found to share anywhere
between 94.5%~99% and 81.5%~96% identity at their A and B subunits, respectively [39].

In 1987, Marques et al. isolated the first stx2e subtype from swine with edema disease.
Unlike other Stx subtypes, stx2e-encoded toxins were found to be cytotoxic to Vero cells,
but not to HeLa cells [40,41]. Furthermore, comparison of the Stx2 toxins SLT-II and SLT-
IIv, which belong to the stx2a and stx2e subtypes, respectively, revealed a high degree of
nucleotide sequence identity (94%) in the A subunit but significantly greater sequence
divergence in the B subunit (79%) [26], thereby justifying its designation as a distinct
Stx2 subtype.

In 2000, Schmidt et al. [27] isolated a STEC O128:H2 strain from pigeon feces carrying
an Stx variant that was eventually determined to belong to the stx2f subtype. This Stx
variant reacted weakly to commercial Stx immunoassay tests, and was found to only
share 63.4% and 57.4% sequence homology at the A and B subunits, respectively, when
compared to an stx2a counterpart [27]. Interestingly, the toxin variant characterized by
Schmidt et al. was found to instead share high sequence similarity with a different Stx
toxin, designated as sltIIva, that was derived from a STEC strain recovered from a human
infant with diarrhea by Gannon et al. in 1990 [42]. These two toxins shared 99.8% and 100%
sequence identity at their A and B subunits, respectively, indicating that the Stx variant
identified by Gannon et al. [42] could be the first published Stx sequence belonging to the
stx2f subtype.

The stx2g subtype was first identified by Leung et al. [28] in 2003, through the charac-
terization of an Stx toxin produced by an E. coli O2:H25 strain isolated from the feces of
healthy cattle. While this strain displayed a similar level of cytotoxicity to Vero and Hela
cells when compared to an ATCC 43889 strain producing both Stx2a and Stx2c toxins, the
toxin it produced appeared to be quite divergent from other known Stx subtypes at the
time. Reflecting this, compared to several previously reported Stx variants representative
of the subtypes from stx2a to stx2f, the nucleotide identity shared at the A and B subunits
ranged from 63.0~94.9% and 76.7~90.7%, respectively [28].

In 2018, Bai et al. [29] characterized an Stx2 toxin belonging to the stx2h subtype in a
STEC O102:H18 strain isolated from marmots. While this toxin was found to exhibit similar
cytotoxicity in Vero cells compared to the Stx produced by an E. coli O157:H7 strain, other
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metrics confirmed its divergence as a novel Stx2 subtype. In terms of sequence homology,
this Stx2h toxin was found to exhibit anywhere from 69.7~92.9% and 67.2–91.3% identity
in its A and B subunit, respectively, compared to representative Stx2 toxins belonging to
the other subtypes from stx2a to stx2g [29]. Furthermore, the closest Stx2 subtype to the
Stx2h toxin was only found to share 91.9% and 92.9% nucleotide and amino acid identity,
respectively. The divergent nature of the stx2h subtype was further indicated through
phylogenetic analyses, as strains producing Stx2h toxins formed a distinct cluster amongst
all other strains analyzed, further prompting the designation of this toxin as a novel Stx2
variant [29].

The stx2i subtype was identified in 2016, when Lacher et al. [30] used an Escherichia coli
identification microarray to characterize a set of STEC strains isolated from food sources.
Interestingly, several strains were identified as belonging to stx2 of an unknown subtype,
including select E. coli ONT:H25 strains isolated from shrimp that were found to carry the
newly-named stx2i subtype gene [30].

In 2022, Gill et al. [31] identified a new Stx2 subtype, designated as stx2j. The stx2j
subtype was first identified in two STEC strains, including one E. coli O158:H23 strain
isolated from lettuce and one human-derived E. coli O33:H14 strain. Sequence comparisons
revealed that the Stx2j toxins produced by these two strains were identical at the sequence
level, and both exhibited cytotoxicity in Vero cells. Furthermore, compared to the other
Stx2 subtypes, this novel stx2j subtype was found to be closest to stx2h, sharing up to 91.9%
nucleotide sequence identity [31]. The unique phylogenetic clustering of the stx2j-positive
E. coli strains, however, including the two described above and an additional STEC strain
isolated from human fecal samples, supports the designation of these toxins as a novel Stx2
subtype [31].

The stx2k subtype was first identified by Yang et al. [32] in 2020 through a survey of
various E. coli strains recovered from a variety of sources, including diarrheal patients,
various animals, and raw meat samples. In particular, nine Stx2-producing strains were
found to exhibit variable levels of cytotoxicity in Vero cells, with one strain exhibiting low
cytotoxicity that was comparable to a negative control. Furthermore, when these strains
were compared through an Stx production assay, only five produced a strong band, whereas
the remaining four only produced weak or no bands, suggesting that each strain varied
in the amount of Stx2k produced. Futhermore, they belonged to different serogroups,
such as O48, O159, O100, O22, and O93. At the sequence level, these Stx2k toxins were
found to share anywhere between 46.3~98.3% and 69.9~100% nucleotide sequence identity
compared to reference toxins belonging to the other Stx2 subtypes from stx2a to stx2i [32].

In 2019, Koutsoumanis et al. [33] re-designated a specific Stx2e toxin, Stx2e-O8-FHI-
1106-10, as belonging to a novel subtype, stx2l. This Stx2e-O8-FHI-1106-10 toxin was
originally discovered by Lindstedt et al. in Norway in 2007 and has since been identified
in some human diarrhea cases, being recovered from E. coli strains belonging to various
serotypes, including O8:H9, O8:H19 and O8:H30. Interestingly, this stx2l subtype was also
identified in E. coli O8:H30 strains collected from diarrheal patients in Denmark, suggesting
that toxins belonging to this novel Stx2 subtype could be of growing clinical importance.

The stx2m subtype was discovered by Bai et al. [34] in 2021 in three E. coli strains
that were isolated from diarrheal patients and asymptomatic carriers in Sweden and
Denmark. Despite the differences in symptomatic presentation, all three strains, including
two O148:H39 strains from Sweden and one O96:H19 strain from Denmark, were found to
be cytotoxic to Vero cells. At the sequence level, these Stx2m toxins were found to share
anywhere between 63.4~92.6% nucleotide sequence identity and 72.4~93.8% amino acid
identity with the twelve other Stx2 subtypes from stx2a to stx2l [34].

In 2022, Gill et al. [19] first discovered the stx2o subtype in a human-derived E. coli
O85:H1 strain. Detailed characterization of this new subtype was further studied by
Lindsey et al. [35] in 2023, during which they found that the stx2o-positive strain was
cytotoxic to Vero cells. In addition, at the sequence level, the stx2o subtype was found to
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share 70.4–94.1% nucleotide sequence identity and 81.8–96.9% amino acid sequence identity
with other Stx2 subtypes.

The final Stx2 subtype, stx2n, was discovered by Lindsey et al. [35] in 2023 in two
clinical E. coli strains after cytotoxicity tests showed that these stx2n-positive strains were
toxic to Vero cells. At the sequence level, these stx2n subtypes were found to share anywhere
between 72.2~94.6% nucleotide sequence identity and 83.9~95% amino acid identity with
the other Stx2 subtypes.

2.2. Prevalence and Disease Severity of Different Stx Subtypes in Humans

Several studies have found that stx1 and stx2 are equally frequent among STEC-related
human infections [43,44]. For instance, in a study assessing 606 clinical STEC strains, up to
42.6% were identified as stx1-possessing strains and 36.8% as positive for stx2, while 20.6%
carried both stx1 and stx2 [43]. Likewise, Nüesch-Inderbinen et al. [44] found that out of
120 STEC isolates recovered from clinical samples, 36.7% or 44 were stx1-positive, 40.0%
or 48 were stx2-positive, and the remaining 23.3% or 28 had both stx1 and stx2. Despite
the similar degrees of prevalence between stx1 and stx2, however, stx2 is usually more
commonly linked with severe disease manifestations (i.e., HUS). For instance, one study
estimated that 59.1% of patients infected with stx1-positive STEC experienced diarrhea,
with none presenting with HUS; in contrast, the authors observed a higher rate of diarrhea
in 68.8% of patients infected with stx2-positive STEC, of which 12.5% also progressed to
HUS [44]. Similarly, in a survey of patients experiencing HUS, De Rauw et al. [43] found
that only one case of HUS was caused by a STEC strain producing the Stx1 toxin.

Among the Stx1 subtypes, stx1c and stx1d are less commonly carried by STEC strains
causing human infections than stx1a [8]. For instance, an investigation on clinical STEC
strains collected across 27 years in a Belgium hospital revealed that 88.4% of STEC infec-
tions were caused by exclusively Stx1-producing strains that produced toxins belonging
to the stx1a subtype [43]. Furthermore, Chattaway et al. [45] determined that 72% of infec-
tions caused by Stx1-producing STEC in England involved strains producing toxins that
belonged to the stx1a subtype. Similar findings were also obtained in a study conducted by
Moeinirad et al. [46], in which the authors found that 75% of Stx1-exclusive STEC strains
recovered from diarrheal cases in children in Iran produced stx1a subtype toxins, whereas
the rest produced toxins belonging to the stx1c subtype.

While toxin subtype can have a large impact on pathogenicity, the disease severity
characteristics associated with STEC strains can be jointly influenced by a variety of vir-
ulence factors rather than by Stx alone. Therefore, it is not surprising that STEC strains
carrying the same Stx subtype might exhibit significant differences in the severity of dis-
eases that they cause. Despite this, the Stx1 subtypes appear to exhibit differences in their
symptom severity, as strains positive for stx1a are more commonly associated with severe
clinical outcomes compared with strains belonging to the other Stx1 subtypes [47,48]. For
instance, in a survey of the clinical outcomes of patients infected with Stx1-producing
STEC, Matussek et al. [48] found that 3 out of 31 patients infected with stx1a-positive strains
developed bloody diarrhea compared with none of the 4 patients that were infected with
stx1c-positive STEC. Similarly, between the years of 2003 and 2005 in Sweden, bloody
diarrhea was observed in 7 out of 17 patients that were infected with an stx1a-positive STEC
strain and none in any of the 4 patients infected with stx1c-positive strains [47]. Indeed,
though other studies have only identified a slight increase in disease severity between
patients infected with STEC producing stx1a- and stx1c-subtype toxins [49], stx1a-positive
strains appear to be more closely associated with severe disease. In contrast, strains produc-
ing stx1d-subtype toxins are rarely found in human infections [29,48], and there is limited
data available on the clinical manifestations of stx1d-positive strains. One study, however,
did identify one stx1d-associated infection among 120 patients in Switzerland, resulting in
diarrhea and abdominal pain without any progression to HUS [44].

Though Stx2 toxins are usually implicated in severe disease, not all Stx2 subtypes
exhibit the same prevalence and symptom severity in human infections. At present, the



Microorganisms 2024, 12, 687 7 of 26

stx2a, stx2b, stx2c, and stx2d subtypes are the most frequently reported Stx2 subtypes in
human disease. For instance, in Switzerland, Ferdous et al. [50] found that the stx2c-subtype
toxins were the most common in STEC-associated human infections, followed by those from
the stx2a, stx2b, and stx2d subtypes. In contrast, in two Dutch regions, the most common
Stx2 subtypes identified amongst STEC strains were stx2a and stx2b, followed by stx2d, stx2c,
and stx2e [44]. A larger degree of variability in Stx2 subtype prevalence was identified by
Carroll et al. [51], where in England, it appeared that stx2b was the most common Stx2
subtype found in clinical STEC strains, and it was found at a substantially higher rate than
that of the stx2a, stx2c, and stx2d subtypes. The findings of these studies thus highlight the
differences in the geographical and temporal distribution of Stx2 subtypes produced by
STEC strains associated with human infections; however, the differential distribution of
Stx2 subtypes could be caused by various factors, including different specimen screening
strategies or insufficient numbers of isolates surveryed across different studies.

Regarding disease severity, out of all the Stx2 subtypes, stx2a, stx2b, stx2c, stx2d, stx2e,
and stx2f have been found to be associated with severe disease, particularly HUS [43,52–54].
Of these subtypes, stx2a appears to carry the highest risk of causing HUS. For instance,
in the same survey of HUS patients, De Rauw et al. [43] observed that 78.3% of STEC
strains recovered from HUS patients were stx2a-positive. Overall, stx2a appears to be more
generally associated with severe disease than the other subtypes, appearing in up to 66.7%
of STEC isolates associated with bloody diarrhea and HUS [49,50]. Similarly, through
a comprehensive survey of 29,945 human STEC infections in the European Union from
2012–2017, Panel et al. [33] found that stx2a, stx2b, stx2c, and stx2f were the top four Stx2
subtypes represented, contributing to more than 90% of the severe clinical cases (i.e., HUS,
bloody diarrhea, etc.) requiring hospitalization. In contrast, the stx2d, stx2e, and stx2g
subtypes have been rarely identified in human infections, and they are typically linked
with only mild disease manifestations. The other subtypes (i.e., stx2h, stx2i, stx2j, etc.), lack
validated approaches for detection; thus, further study is required to evaluate their clinical
relevance and associated disease severity.

2.3. Stx Subtyping Approaches

Given that certain Stx subtypes are more closely associated with severe clinical out-
comes than others, the rapid and accurate subtyping of Stx carried by different bacterial
pathogens is imperative for effective disease management and public health interventions,
especially during outbreak situations. The current gold standard for Stx subtyping is a
PCR panel developed by Scheutz et al. [6]. In this PCR panel, primers for the specific
amplification of three Stx1 subtypes (stx1a, stx1c, stx1d) and seven Stx2 subtypes (stx2a~stx2g)
were developed based on 47 Stx1 and 238 Stx2 subtype sequences. The PCR protocol
was then validated extensively against 62 reference strains carrying different Stx subtypes,
160 clinical STEC strains, and 42 EHEC strains associated with HUS. This PCR protocol has
greatly simplified the Stx subtyping process, as it forgoes the need for any sequencing or
bioassays; as a result, it has become the most widely used Stx subtyping approach to date.

Based on the PCR design by Scheutz et al. [6] and the current nomenclature scheme
for the Stx subtypes, real-time PCR protocols have been developed by other groups to
expedite the subtyping process and make it less labor-intensive. For instance, in 2019,
Zhi et al. [55] developed real-time PCR assays for the three Stx1 subtypes and seven Stx2
subtypes included in the gold-standard PCR panel. All assays were probe-based, aside
for those designed to detect stx2c and stx2d as their sequences were too similar for the
development of distinct probes and primers. In the assay, a locked nucleic acid (LNA)
probe was used, allowing for the design of shorter probe sequences as the hybridization
temperature of the LNA probe could be increased through the modification of its ribose
backbone. This short probe design was found to be especially useful as longer probe
sequences could not be used due to the high degree of sequence homology shared between
some of the Stx subtypes. These assays were evaluated against a panel of 39 STEC strains
spanning 10 Stx subtypes, and supplemented with in silico analyses comparing the primer
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and probe sequences against various Stx subtypes deposited in the NCBI database, with
both approaches suggesting that the assays developed were sensitive and specific. In 2023,
Harada et al. [56] also designed a set of LNA-probe-based, real-time PCR assays for the
same three Stx1 and seven Stx2 subtypes. The assays were validated against a collection
of 103 STEC strains and were demonstrated to be sensitive and specific for most of the stx
subtypes, though some crossreactivity was observed between the stx2a and stx2b assays [56].

In addition to the PCR and real-time PCR assays developed for Stx subtyping, bioinfor-
matic approaches have also been used to determine Stx subtypes based on whole-genome
sequencing (WGS) data [45,57]. For instance, Ashton et al. [57] used two complemen-
tary methods, de novo assembly and read mapping, to determine Stx subtypes from
sequence data. This method was tested on 444 STEC strains and evaluated against the PCR
method developed by Scheutz et al. [6], with the bioinformatic-based approach achieving
99% congruency (i.e., 442 out of 444 strains) with the typing results obtained from the PCR
method [57]. Given that WGS is being increasingly adopted by clinical laboratories and
used for public health surveillance and outbreak investigations, the ever-increasing avail-
ability of ready-to-use genome data makes bioinformatic tools a promising approach for
the evaluation of Stx subtypes and their associated health risks. Overall, however, among
all the subtyping techniques that are currently available, real-time PCR appears to be best
suited for time-sensitive situations, especially in assessing risks to patients infected with
Stx-producing pathogens to inform disease management strategies. In contrast, the WGS
approach would be useful when real-time PCR methods are not available for certain sub-
types (i.e., stx2m, stx2n, stx2o). Furthermore, whole-genome data can also provide additional
information (i.e., about other virulence factors) that can be used for risk evaluation efforts.

3. Shiga-Toxin-Producing Bacteria

Conventionally, E. coli and S. dysenteriae type-1 strains are considered to be the major
carriers of Shiga toxins; however, these toxins have also been described in several other
bacterial genera and species, including Shigella flexneri, Shigella sonnei, Citrobacter spp.,
Aeromonas spp., Acinetobacter haemolyticus, Salmonella spp., Vibrio vulnificus, and Campy-
lobacter spp. [58–67], among others, with each of these representing emerging and growing
public health risks.

3.1. Shigella spp.

The genus Shigella contains four species: S. dysenteriae, S. flexneri, S. sonnei, and S.
boydii. Of these four species, S. dysenteriae, specifically strains belonging to serotype 1, were
historically recognized as the only members of the Shigella genus to produce Shiga toxin.
In recent decades, however, clinical stx-carrying strains belonging to the other Shigella
species have been discovered. The first published case of an stx-positive non-S. dysenteriae
serotype-1 strain was reported by Beutin et al. [58], after the isolation of a S. sonnei strain
from a diarrheal patient that was found to produce Stx1 toxin. Later, in a surveillance study
for the presence of Stx in S. sonnei, Lamba et al. [59] identified 56 cases of infection caused
by Stx1-positive S. sonnei strains, among which 71% of patients presented with bloody
diarrhea. In recent years, Shiga toxin has also been frequently reported in S. flexneri, with
most cases related to travel and/or residency in the Carribean (i.e., Haiti and Dominican
Republic), with the identified Stx toxins belonging to the stx1a subtype [60,68].

Beyond the discovery of Stx in different Shigella species, Stx has also been recorded in
strains belonging to S. dysenteriae lineages aside from serotype 1. For instance, in addition
to identifying Stx1-positive S. sonnei strains in clinical samples collected from travellers
returning from the Carribean regions, Fogolari et al. [69] were also able to isolate serotype-
4 S. dysenteriae strains that carried Stx1. Similarly, in another study, Gupta et al. [70]
documented three patients infected with Stx1-positive S. dysenteriae type-4 strains, two of
whom presented with bloody diarrhea, that had recently travelled to Haiti, the Dominican
Republic, and Punta Cana. As such, various members of the Shigella genus beyond S.
dysenteriae type-1 strains appear to be producers of Stx1. Indeed, the rising prevalence
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of Stx1-positive Shigella spp. circulating in the Carribean countries may represent an
emerging public health risk globally, with cases having been identified in travellers from
the U.S. [59,70–73], Canada [74], and France [60].

3.2. Escherichia coli

Escherichia coli is part of the normal gut flora in humans; however, some strains can be
pathogenic, causing a wide spectrum of intestinal or extra-intestinal diseases. Specifically,
intestinal pathogenic E. coli include the enteropathogenic E. coli (EPEC), enterotoxigenic
E. coli (ETEC), enteroinvasive E. coli (EIEC), enterohemorrhagic E. coli (EHEC), and en-
teroaggregative E. coli (EAEC). Of these, EHEC is best recognized for its carriage and
production of Stx toxins and its ability to cause hemorrhagic enteritis and hemolytic uremic
syndrome [13,14,75]. Although EHEC is the pathotype most closely associated with Stx,
these toxins can also be found in E. coli strains belonging to different pathotypes. For exam-
ple, during an investigation of an outbreak of HUS in France, Morabito et al. [76] identified
the causative agent to be an EAEC strain that was producing Stx. Similarly, the 2011 E.
coli O104:H4 outbreak in Germany was linked to a hybrid of EAEC and EHEC strains
that produced Stx2 toxins [77,78]. Other Stx-producing hybrid strains have also been re-
ported, including EPEC/EHEC [79,80], ETEC/EHEC [80], ETEC/STEC [81], STEC/UPEC
(uropathogenic E. coli) strains [82].

As a species, E. coli is characterized by a substantial level of strain diversity. Generally,
E. coli strains can be classified by the O- and H-antigens located at their membrane surface.
According to EnteroBase (https://enterobase.warwick.ac.uk, accessed on 24 July 2023),
187 O- and 53 H-antigens have been identified [83]. The first-identified STEC was found to
be an E. coli O157 strain, which is currently known as one of the leading serogroups of STEC
causing severe disease in humans [84]. Outside of O157, however, over 100 additional
serogroups have also been found to be associated with human illnesses [49]; of these, O26,
O103, O111, O121, O45, and O145 have been recognized as among the most common
non-O157 serogroups associated with HUS [85,86].

While the non-O157 STEC strains can cause a myriad of diseases, ranging from mild
enteric symptoms to severe cases of HUS or even death, the diseases typically associated
with non-O157 STEC infections are generally milder compared with those infections caused
by O157 STEC strains [86]. For instance, in an analysis comparing the disease severity of
non-O157 and O157 infections, Hedican et al. [87] found that 54% and 8% of non-O157
infections led to bloody diarrhea and hospitalizations, respectively, compared with 78% and
34% of O157 infections. Similarly, Gloud et al. [86] found that non-O157 STEC infections
were less likely to progress to bloody diarrhea than O157 STEC infections (55% vs. 85%,
respectively), and that of these, fewer non-O157 cases required hospitalization compared
with those caused by O157 STEC strains (14% vs. 43%, respectively).

3.3. Citrobacter spp.

Like E. coli, the Citrobacter genus also belongs to the Enterobacteriaceae family, consisting
of aerobic Gram-negative rod-shaped bacteria with a wide distribution across a variety of
external environments (i.e., water, soil, sewage) that also form part of the normal intestinal
flora of animals and humans [88]. As such, Citrobacter is considered to be an opportunistic
pathogen in humans and can cause a range of infections including urinary tract infections,
gastroenteritis, and meningitis [88]. The first recorded case of Stx within Citrobacter was in
1992, when Schmidt et al. [61] screened 928 human fecal samples and 51 beef samples and
identified seven C. freundii strains that carried an stx2c gene. Later, in 1995, epidemiological
investigations of an outbreak at a nursery school in Germany that resulted in nine cases
of HUS and one death revealed the causative agent to be a C. freundii strain capable
of producing Stx2-type toxins [89]. Recently, in 2020, the first case of an Stx1-positive
Citrobacter strain was recorded after it was linked to two cases of diarrhea in Iran during an
outbreak [90].

https://enterobase.warwick.ac.uk
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3.4. Enterobacter cloacae

Enterobacter cloacae is a Gram-negative facultative anaerobic bacterium that is a normal
resident in the animal and human gut [91]. Despite this, E. cloacae can cause disease, and it
is commonly associated with hospital-acquired infections [92]. In 1996, an Stx2-positive E.
cloacae strain was isolated from an HUS patient [62]; while PCR, DNA hybridization assays,
and Vero cell cytotoxicity assays all confirmed that the strain produced an Stx2-type toxin,
the presence of the stx2 gene seemed to be unstable as it could not be identified consistently
in all subcultures. In 2014, Probert et al. [21] isolated an Stx1-producing strain of E. cloacae
from a human patient that presented with non-bloody diarrhea and abdominal cramping
but no severe symptoms. Unlike the Stx2-positive strain that was originally identified
by Paton et al. [62], the presence of the stx1 gene was relatively stable as it could still be
detected after multiple rounds of subculturing [21].

3.5. Aeromonas spp.

The Aeromonas genus consists of Gram-negative bacilli that are mainly distributed
in aquatic environments. Some strains, however, have been isolated from animals and
food sources, while others have also been linked to various diseases in humans, including
gastroenteritis and bacteremia [93–95]. In 1996, Haque et al. [96] tested the virulence
properties of 37 strains of Aeromonas spp. Isolated from both diarrheal patients and the
environment. Surprisingly, 31 were found to be cytotoxic to Vero cells, including three
A. hydrophila isolates that were confirmed to be the causative agent of gastroenteritis in
diarrheal patients from Thailand and Japan that were later found to be positive for Stx1 by
PCR [96]. In a later study conducted in 2000, virulence gene screening of Aeromonas spp.
Collected from water pipes identified one strain of A. veronii biovar sobria that was positive
for stx1 [97]. Similarly, using a PCR screening assay to identify stx genes in 80 clinical
Aeromonas strains, Alperi and Figueras [98] identified 19 A. caviae, A. hydrophila, and A.beronii
strains that were Stx positive, of which 18 produced only Stx1 toxins, while a lone strain
was positive for both Stx1 and Stx2. Importantly, however, the authors found that among
the 19 stx-positive strains, only 4 consistently generated strong PCR bands, suggesting that
the stx genes in the remaining 15 strains may have been lost during subculturing.

3.6. Other Bacteria

Over the years, stx has also been increasingly found in a variety of other bacterial
species. For instance, in 2006, Grotiuz [64] reported the first Stx2-positive Acinetobacter
hemolyticus strain from an infant with bloody diarrhea. Later, in 2014, another Stx-positive A.
hemolyticus strain was identified as the causative agent of HUS in a 9-month-old infant [65].
Beyond Acinetobacter, after screening 278 bacterial isolates that were positive for the eae
gene, Ooka et al. [66] identified two strains of E. albertii, one isolated from a diarrheal patient
and the other from a healthy bird, that harbored an stx2 gene belonging to the stx2f subtype.
Two other studies later isolated Stx2-producing E. albertii strains causing enteric infections
in human patients, including an stx2a-positive strain in Norway [99] and an stx2f-positive
strain in Brazil [63]. Moreover, the Campylobacter genus has also been reported to produce
low levels of Shiga toxin; however, this toxin has been shown to be genetically distinct from
the Stx toxins produced by E. coli [67]. Finally, according to the NCBI pathogen detection
database (https://www.ncbi.nlm.nih.gov/pathogens/, accessed on 2 August 2023), other
bacterial species have also been found to carry stx genes, including a Salmonella enterica
strain (GenBank Accession: AAAFNG000000000) carrying the complete sequence of an
stx2f gene that was isolated in the United Kingdom, as well as a Listeria monocytogenes strain
(GenBank Accession: AAASXN000000000) carrying the complete sequence of an stx1a gene
that was recovered from animal manure in the United States.

To date, although Stx has been identified in a variety of bacterial species, E. coli is still
considered the primary contributor to Stx-related infections in humans. Nevertheless, due
to the severity of diseases that can be associated with Stx-related infections, non-E. coli Stx-
positive pathogens still warrant close monitoring as some of these emerging strains could

https://www.ncbi.nlm.nih.gov/pathogens/
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adapt to, and subsequently establish themselves in, the human population, potentially
leading to serious outbreaks.

4. Host Distribution Patterns of Different Stx Subtypes

Outside of humans, STEC has also been found in a variety of animals hosts, including
cattle, sheep, swine, birds, and deer [100]. While STEC is typically pathogenic to human
hosts, most animals lack the appropriate Shiga toxin receptors [100], so they do not usually
experience disease symptoms upon infection. Despite this, these animals can still act as
reservoirs for STEC and can contribute to human infections through the transmission of
STEC through fecally-contaminated food and water sources [101,102].

4.1. Cattle

Cattle are the most important host reservoirs for STEC. While it was generally believed
that the asymptomatic colonization of STEC in cattle was due to the lack of appropriate
vascular receptors for Shiga toxins [103], other studies have demonstrated that the expres-
sion of Gb3 by crypt epithelial cells of the small and large intestine in cattle occludes the
translocation of Shiga toxin which, when combined with the receptor isoform(s) and their
organization on these cells, leads to an absence of local or systemic cytotoxicity and overall
inflammation in the bovine host [104–106]. Typically, cattle hosts can be infected with
STEC during the first few months of their life through exposure to contaminated food,
water, or other environmental sources or through direct contact with other infected cattle
hosts. After infection, STEC will primarily colonize the terminal rectum within the cattle
gastrointestinal tract, after which the cattle host may then become a persistent shedder of
STEC [107].

Across cattle populations, the average prevalence of STEC can range from 12% to
24% [108–111]; however, the specific prevalence of STEC can vary widely depending on
the specific herd. For instance, long-term studies monitoring cattle herds on four German
cattle farms from birth to slaughter revealed that the STEC prevalence ranged from as low
as 29% to as high as 82% [112]. Similarly, a survey of 15 cattle farms in Korea demonstrated
that the STEC prevalence was highly variable, ranging from 0% to 90% across herds [108].

Given that the prevalence of STEC in a given cattle population can be influenced by
many factors, including age, climate, feeding habits (i.e., feedlot or pasture), and sanitation,
different herds may be characterized by drastic differences in their STEC carriage [113–115].
Reflecting this, calves appear to be more likely to shed STEC during the first six months after
birth, after which the shedding of STEC decreases as the calves mature [113,115]. Similarly,
other studies have found that the STEC prevalence among cattle is highest at two years
of age, and decreases with age [114]. In addition to age, seasonality and temperature are
other influencing factors, as there appears to be a significant association between warmer
seasons and a higher STEC prevalence [108,111], with prevalences rising in the late spring
and peaking around early fall [110,116].

Although cattle are the most common reservoirs for STEC, there appear to be cattle-
specific distributions of the stx genes that are carried by cattle STEC strains [117]. For
instance, while stx1-positive STEC strains tend to colonize cattle more persistently (i.e., for
more than 4 months), stx2-positive strains only transiently colonize their cattle hosts (i.e.,
for less than 2 months) [117]. Despite differences in the duration of carriage of STEC strains
carrying different stx genes, the distribution of specific stx-type strains in cattle populations
is less clear. Indeed, while several studies have found that there are no significant differences
in the prevalence of stx2-type STEC strains among cattle populations [117–120], others have
proposed that stx2 is 2~4 times more prevalent than its stx1-positive counterpart [109,121].

The lack of a clear pattern in the distribution of stx1 and stx2 across cattle populations
could be due to the presence of multiple stx genes within a single STEC strain colonizing a
cattle host. This can be caused by the influence of multiple stx-carrying lysogenic bacte-
riophages that have introduced multiple stx gene variants into a single strain. Reflecting
this, in a surveillance study assessing the prevalence of STEC in cattle populations across
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several provinces in Iran, Jajarmi et al. [118] found that of all STEC strains characterized,
36% and 48% carried only stx1 and stx2 genes, respectively, while 16% were found to be
positive for both stx1 and stx2 genes. Similarly, Blankenship et al. [121] found that up
to 15.9% of STEC strains isolated from cattle populations were exclusively stx1-positive,
74.6% were exclusively stx2-positive, and 9.5% were positive for both. In some studies, the
prevalence of these stx1/stx2 combination strains appear to be even higher. For instance,
Venegas-Vargas et al. [111] found that 29% of cattle STEC strains harbored both stx1 and stx2
genes, whereas 29% and 42% only possessed one of stx1 and stx2, respectively. Similarly,
Zschock et al. [120] demonstrated that up to 42.7% of cattle STEC were stx1/stx2 hybrid
strains, compared with 11.5% that were stx1-exclusive and 45.8% that were stx2-exclusive.

Thus, there do not appear to be any specific distribution patterns in the prevalence
of stx1 and stx2 across cattle populations. Despite this, however, specific Stx subtypes do
appear to be more common in cattle STEC strains than others. Indeed, toxins belonging
to the stx1a, stx1c, stx2a, stx2c, and stx2d subtypes are the most prevalent in STEC strains
isolated from cattle hosts, with stx1a and stx2a being the major subtypes. Reflecting this,
Capps et al. [122] found that 74.5% of stx1-positive cattle STEC strains were specifically
stx1a-positive, compared with 25.5% that produced stx1c-subtype toxins, whereas 78% of
stx2-positive cattle STEC produced the stx2a-subtype, compared with 10.7% and 11.3% that
produced stx2c and stx2d-subtype toxins, respectively. Similarly, across 140 stx-positive
cattle STEC strains, Shridhar et al. [123] found stx1a (87.9%) to be the dominant subtype
across all stx1-positive strains, while out of the stx2 subtypes, stx2a was predominant
(72.5%). Although stx2a, stx2c and stx2d appear to be the most prevalent Stx2 toxin subtypes
in cattle STEC strains, other studies have been able to identify other Stx2 subtypes in cattle
STEC populations, albeit to a lesser degree. For instance, in a collection of cattle STEC
strains, Lee et al. [109] found that 53.9% carried toxins belonging to the stx2a subtype,
whereas 24.5%, 6.9%, 3.9%, and 1.0% carried toxins belonging to the stx2d, stx2g, stx2b, and
stx2e subtypes, respectively. Regardless of the prevalence of the other subtypes, however,
given that the stx2a subtype is most commonly associated with severe disease outcomes, its
high prevalence across cattle STEC populations supports the notion that cattle represent
important animal reservoirs for the emergence of severe STEC infections in humans.

4.2. Sheep

Sheep are also an important host reservoir for STEC. Similar to cattle, STEC infection
in sheep are commonly asymptomatic [100], though compared with cattle, the prevalence
of STEC in sheep populations is higher [124–127]. For example, in an analysis comparing
the prevalence of STEC across different host-reservoir species in Germany, Beutin et al. [124]
found that up to 66.6% of sheep carried STEC, whereas only 21.1% of cattle were found to
be STEC-positive. Other studies conducted in countries such as Ireland [125], Iran [127],
Norway [126], Spain [128], New Zealand [129], Australia [130], the United States [131], and
Brazil [132] have also reported high STEC prevalences in sheep populations worldwide,
ranging from 45% to as high as 87.6%. Conversely, comparatively fewer studies have reported
low STEC prevalences in sheep populations, ranging between 32~36% [120,133,134].

While there does not appear to be an identifiable pattern of distribution of stx1- and
stx2-positive STEC strains within cattle populations, the STEC strains that colonize sheep
appear to be more likely to be positive for stx1 than stx2. For example, Persad et al. [134]
found that, among 453 sheep STEC strains, 71% were positive for stx1 only, compared with
the 11% that were stx2-positive only and the 18% that were positive for both. Similarly,
Sánchez et al. [128] found that the proportion of stx1-postive STEC strains (52.8%) from
sheep was markedly greater than that for stx2-positive strains (8.4%), though a significant
proportion of isolates (38.8%) were found to harbor both stx1 and stx2 genes.

To date, several Stx subtypes have been identified in sheep, including stx1a, stx1c, stx2a,
and stx2b; of these, it appears that toxins belonging to the stx1c and stx2b subtypes are the
most predominant amongst the STEC strains colonizing sheep populations [125,132,135]. For
instance, Wani et al. [136] found that amongst the stx1-positive STEC isolates collected from
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sheep, the stx1c subtype was the most prevalent at 73.5%. Furthermore, when considering
stx2-positive sheep STEC isolates, Martins et al. [132] determined that up to 84.8% stx2-positive
strains produced toxins belonging to the stx2b subtype. Similarly, whole-genomic analyses of
178 STEC strains performed by McCarthy et al. [125] revealed that up to 66% were positive
for the stx1c subtype, whereas 62% were positive for the stx2b subtype. Interestingly, while
Han et al. [137] found that up to 61.7% of stx1-positive sheep STEC strains belonged to stx1c, a
similar proportion of stx2-positive strains carried stx2b (52.4%) compared to stx2k (47.6%).

Although sheep populations appear to be characterized by high prevalences of STEC
carriage, few epidemiological studies have identified sheep products as a major causative
agent for human STEC outbreaks [138,139]. This could be due to the finding that the major
sheep-associated STEC strains tend to be positive for the milder Stx subtypes, like stx1c,
which are not as common in human patients. Indeed, to date, there have been only a few
reported STEC outbreaks caused by contaminated lamb or mutton [138,139].

Importantly, however, while most stx1-positive sheep STEC strains appear to be of the
stx1c subtype and thus may not represent a major public health risk, the high prevalence
of stx2b-positive STEC strains in sheep could still pose a significant risk to human health,
especially since stx2b is a prominent stx2 subtype linked to human infections.

4.3. Goat

Another domestic ruminant, goats also serve as important reservoirs of STEC, often
exhibiting asymptomatic carriage upon STEC colonization, similar to cattle and sheep.
These goat STEC strains can then be transmitted to humans through the consumption of
unsterilized goat milk or dairy products [138], leading to human infections. The prevalence
of STEC in goat populations varies substantially, with studies reporting STEC prevalences
ranging from as low as 9.85% to as high as 80.2%, depending on the farm [127,140,141].

Concerning the distribution of stx types in goat STEC strains, several studies have
reported an overabundance of stx1-positive strains compared with those that carry the stx2
gene [142,143]. For instance, Persad et al. [134] found that 79% of STEC strains isolated
from goats were stx1-positive compared with 18% that were stx2 positive and 8% that
were positive for both. Similarly, Wiriyaprom et al. [144] found that across several farms in
Thailand, the primary stx represented was stx1, found in 75.44% of STEC strains isolated
from goats, compared with 22.81% of goat STEC strains that were stx2-positive and 1.75%
that carried both stx1 and stx2. Similarly, Jajarmi et al. [142] found that up to 98.2% of STEC
strains colonizing goats are stx1 positive, compared with 24.5% that carried stx2. Reporting
a less drastic difference, Mahanti et al. [145] also reported that goat STEC strains tend to
harbour stx1 over stx2, with prevalences of 72.2% and 58.3%, respectively.

To date, several Stx subtypes have been reported in STEC strains collected from goats,
including stx1a, stx1c, stx2a, stx2b, stx2c, stx2d, and stx2k. Of these, stx1c appears to be the
predominant subtype carried by goat STEC strains. Indeed, Mahanti et al. [145] found
that, of all the Stx subtypes represented across goat STEC strains, 52.8% of strains carried
stx1c, followed by 25% that harbored stx2c and 22.2% that carried stx2d. Furthermore, in
a surveillance study conducted by Taghadosi et al. [143], stx1c was identified as the most
common subtype amongst goat STEC strains, with a prevalence of 63.6%, followed by stx1a
at 45.5%, stx2c at 21.2%, stx2b at 18.5%, stx2d at 12.1%, and stx2a at 3.0%. Similarly, Ndegwa
et al. [146] found that amongst goat STEC strains collected over a three-year period in
the U.S., stx1c was the predominant stx subtype, being carried in 47.0% of STEC strains,
followed by stx2a at 27.5%, stx1a at 14.1%, stx2b at 13.2%, and stx2d at 4.5%.

Although stx1c has been consistently found to be the most common Stx subtype in
goat STEC strains [140], the dominant subtype within a given goat population can change
over time and may also be region-dependent. For instance, Yang et al. [140] found that from
2017 to 2021, stx1c was the predominant Stx subtype in STEC strains isolated from several
goat farms; however, closer inspection of the yearly trends revealed that by 2021, stx2k
had become the most common subtype in the goat population in that year. Interestingly,
most of the reported stx2k-positive STEC strains to date appear to have originated from
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China [140], suggesting that this may be an Stx2 subtype of local concern, especially due to
the zoonotic potential of STEC strains carrying this subtype.

4.4. Deer

Outside of the common domestic ruminant reservoirs, deer represent important free-
living ruminant reservoirs for STEC, especially in countries with large deer populations,
such as the U.S. and Canada. The prevalence of STEC appears to vary widely, with studies
reporting STEC carriage rates ranging from 9.5% to 93.3% [147–153]. Interestingly, the
wide variance in STEC prevalence does not appear to be species-dependent, as different
studies have reported wide differences in STEC prevalence even when studying the same
deer species. For instance, Eggert et al. [149] found that 93.3% of red deer in a German
national park carried STEC, while Lauzi et al. [151] reported that the STEC prevalence
in free-ranging red deer from the Central Italian Alps was only approximately 19.9%.
Furthermore, studies examining the carriage of STEC in roe-deer species have ranged from
as high as 72.6% [150] and 73.3% [149] to as low as only 16.8% [152]. A similar degree of
incongruence has also been observed for STEC prevalence in fallow-deer populations, with
estimates ranging from 30.9% to 9.5% [151,153], further demonstrating that the prevalence
of STEC in deer can vary extensively.

Regardless of the wide range in STEC prevalence reported across deer populations,
stx2 has been consistently found to be the most common stx type in deer STEC. Reflecting
this, Dias et al. [148] found that all STEC strains collected from a red-deer population were
stx2-positive. Similarly, Szczerba-Turek et al. [153] found that 94.7% of deer STEC strains
carried stx2, while only 5.3% were stx1-positive. Even studies that have reported a higher
proportion of stx1, ranging from 21.7% to 38.7%, still found that stx2-positive STEC were
predominant across all STEC strains isolated from deer, with prevalences ranging from
74.2% to 81.8% [151,152,154].

To date, a variety of Stx subtypes have been identified in deer STEC, including stx1a,
stx1c, stx2a, stx2b, stx2c, stx2d, and stx2g. Of these, stx2b appears to be the most commonly
observed subtype, either as the lone subtype produced by deer STEC strains or in combi-
nation with other subtypes [149,151,155]. For example, Lauzi et al. [151] found that 58.1%
of deer STEC strains produced toxins that belonged to the stx2b subtype, followed by the
stx1c and stx2g subtypes at 16.1% and 12.9%, respectively. In another study, Szczerba-Turek
et al. [153] found that up to 63.1% of deer STEC strains were stx2b-positive, compared with
15.8% and 10.5% that were stx2a- and stx2g-positive, respectively. Importantly, stx2b is a
common subtype found amongst STEC strains causing human infections, suggesting that
STEC strains originating from deer may pose a greater risk to human health than strains
derived from other sources. Indeed, several studies have reported contaminated deer meat
as the original source of STEC outbreaks in humans [156,157], illustrating the importance
of monitoring and evaluating the zoonotic potential of STEC in deer populations.

4.5. Swine

While ruminants tend to carry STEC asymptomatically, pigs can experience edema
disease upon STEC infection, especially if it occurs shortly after weaning [158]. The
STEC associated with edema disease in pigs usually belong to specific serotypes (i.e.,
O138:H14, O139:H1, and O141:H4) that are not commonly found in humans [159]. Although
morbidity can be low, edema disease has a high fatality rate and may cause neurological
deficits [160]. The prevalence of STEC in swine has been surveyed by numerous studies.
While most studies estimate that roughly 20% to 25% of pigs may carry STEC in a given
population [161,162], some have found the prevalence of STEC in pigs to be almost non-
existent [163], while others estimate that the prevalence can be as high as 67.7% [164].

Generally, the most common Stx2 subtype in swine STEC has been reported to be stx2e.
Indeed, stx2e appears be the most commonly carried Stx2 subtype amongst the STEC strains
isolated from pigs, with reported prevalences of 83.0% [165], 85.4% [166], and 98.9% [161],
depending on the study. Despite the high degree of consensus shared across these studies,
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however, other groups have reported other subtypes to be more common [167]. For instance,
Arancia et al. [167] reported that in a population of pigs in Italy, 74.2% of STEC strains
recovered were positive for stx2a, compared with only 25.8% for stx2e.

The consumption of pork has been implicated in several recorded STEC infections in
humans [168,169]. For instance, an outbreak in Canada, resulting in 29 patients experiencing
gastrointestinal symptoms and 6 developing bloody diarrhea, was found to have been
caused by the consumption of contaminated pork products [169]. While pigs may represent
a major source of STEC in human populations, the range in disease severity associated
with stx2e-positive STEC strains, from asymptomatic carriage to HUS [170,171], indicates
that more research is needed to properly evaluate the human health risks posed by swine-
associated STEC strains.

4.6. Birds

Various bird species, including chicken, ducks, pigeon, gulls, and geese, have all been
reported to carry STEC strains [172–174]. Despite this, there are limited studies available
on the actual prevalence of STEC amongst bird populations, and it appears that STEC
strains are generally rare in birds. Studies that have examined the prevalence of STEC
amongst avian hosts, however, have generally focused on pigeons [173,175,176]. Morabito
et al. [177], for example, found that 10.8% of pigeon fecal samples collected across three
sites in Rome were positive for STEC, with positive carriage rates skewing toward younger
birds. Other studies have estimated higher carriage rates amongst pigeon populations.
For instance, Grossmann et al. [178] found that up to 66.9% of pigeons carried STEC,
whereas Farooq et al. [179] found that 60% of STEC isolated from pigeons carried stx
genes. Conversely, other studies suggest that pigeons are not important carriers of STEC, as
Pedersen et al. [180] were unable to detect any stx genes across 406 cloacal swabs collected
from pigeons.

Following its original discovery in a pigeon by Schmidt et al. [27] the stx2f subtype
appears to be the most common Stx subtype in pigeon STEC strains [179,181]. For instance,
all of the STEC isolates recovered in the study conducted by Morabito et al. were later
found to be stx2f-positive. Similarly, after isolating STEC from pigeons across four different
cities, Badouei et al. [182], found that all the isolates collected produced toxins belonging
to the stx2f subtype. Beyond stx2f, however, other studies have reported Stx1 subtypes to
be common in pigeon STEC strains. For instance, Grossmann et al. [178] found that while
77.8% (21/27) of pigeon STEC strains carried toxins belonging to the stx2f subtype, the
remaining 22.2% (6/27) were stx1. Moreover, Farooq et al. [179] determined that 55.6% of
the STEC strains isolated from domestic pigeons in India carried stx1 genes.

At present, no outbreaks caused by STEC originating from pigeons have been reported;
however, a case of HUS has been reported in the Netherlands that was caused by an stx2f-
positive O8:H19 E. coli strain [183], though it is unclear whether this strain originated from
a pigeon host. Despite the lack of known outbreaks associated with pigeon-associated
STEC, some studies have commented on the potential of pigeons as a contributor to human
STEC outbreaks. For instance, using a whole-genome-based comparative approach, Grande
et al. [184] found that STEC strains that cause milder disease in humans could be potentially
transmitted from pigeons. Considering that some studies have reported a relatively high
proportion of STEC human infections caused by stx2f-positive strains [185], more research
is needed to properly evaluate the role of pigeons as potential reservoirs of stx2f-positive
STEC strains that can be transmitted to and cause disease in human populations.

4.7. Other Animals

A wide variety of other animal hosts have been reported to carry stx-positive E. coli
strains. For example, Martin et al. [186] recovered an stx2i-positive STEC strain from
Norwegian bivalves. Moreover, Bai et al. [29] originally identified the prototypical stx2h
subtype from a STEC strain isolated from wild marmots around the the Qinghai–Tibet
Plateau in China. Indeed, aside from the major animal reservoirs listed above, a wide range
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of animal hosts appear to harbor STEC strains, including wild rabbits, horses, donkeys,
dogs, cats, coyotes, foxes, and even frogs [124,187–190]. Figure 1 shows the common
Shiga-toxin subtypes in STEC from different host species.
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4.8. Foods

While food products cannot act as true reservoirs for STEC, they do represent an
important medium for STEC transmission via the fecal–oral route. At present, various
food products have been reported to be the cause of STEC outbreaks, including beef, lamb,
pork, vegetables, juice, and nuts [191]. Specifically, data available from the NCBI pathogen
detection database showed that a total of 1923 E. coli strains have been isolated from non-
host-reservoir sources that carry complete Shiga-toxin sequences (Table 2). Among these
STEC strains, beef appears to be the leading isolation source associated, with 1123 strains,
while meats from other animals such as swine, sheep, goat, and deer were also found
to be prominent isolation sources of STEC (Table 2). In addition to meat, milk and milk
products are another important source of STEC, with 93 STEC strains isolated from milk
from an unknown host source, 10 from cow milk, 2 from ice cream, and 2 from cream
products. Interestingly, the second leading source of STEC appeared to be plant in origin
(i.e., produce). As shown in Table 2, 332 STEC strains were recovered from vegetables and
84 were isolated from flour, where the STEC contamination of these plant products may
be attributed to the use of animal (i.e., cattle) manure as fertilizer in vegetable and wheat
fields. Interestingly, while each food source is generally associated with a myriad of Stx
subtypes (Table 2), STEC strains isolated from vegetables appear to be the most diverse
with regards to the Stx subtypes represented, likely due to the contamination of vegetables
from various sources along each step of the food chain.

Table 2. Shiga-toxin-gene-positive E. coli strains from food sources deposited in NCBI pathogen
detection database *.

Food Sources No. of Strains Subtypes

Beef 1123 1a, 2c, 2a,1c, 2b, 2e, and 1d
Vegetable 332 1a, 1c, 1d, 2a, 2b, 2c, 2d, 2e, 2f, and 2g

Milk of unknown source 93 1a, 1c, 2a, 2b, 2c, and 2d
Flour 84 1a, 1d, 2a, 2b, 2c, 2e, and 2g
Pork 74 1a, 1c, 2a, 2c, and 2e
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Table 2. Cont.

Meat of unknown source 68 1a, 1c, 1d, 2a, 2b, 2c, 2d, and 2e
Lamb 38 1a, 1c, 2b, 2c, 2d, and 2e

Cheese 33 1a, 1c, 2a, 2c, and 2e
Deer meat 13 1a, 2b, and 2c

Goat cheese and milk 12 1a, 1c, 2b, and 2c
Hamburger 12 1a and 2c
Milk (cow) 10 1a, 1d, 2a, and 2d

Juice 7 1a
Nuts 6 1a and 2c

Sausage 5 1a and 2c
Chicken 2 2b and 2c

Ice cream 2 2a
Cream (cow) 2 1a

Dessert 2 2c
Seafood 2 2i and 2g

Bear meat 1 1a
Corn product 1 2e

Grain 1 1a
* The database was accessed in August 2023, by which time ~320,000 E. coli and Shigella isolates had been deposited
into the database.

5. Conclusions

Shiga toxin can be divided into two main groups, Stx1 and Stx2, on the basis of their
sequence similarity and key biochemical characteristics. Several bacterial species have
been reported to carry stx genes; among these, STEC poses the most significant risk to
human health due to its widespread prevalence in various animal hosts that have close
contact with human populations. Reflecting this, STEC has been found in numerous animal
reservoirs including cattle, sheep, goats, pigs, birds, and others, many of which carry STEC
asymptomatically. Of these, cattle have been recognized as the main carriers of STEC,
representing a significant health risk to humans, as numerous STEC outbreaks originating
from contaminated beef and dairy products have been reported each year.

Within Stx1 and Stx2, several subtypes have been identified. Interestingly, the different
subtypes appear to vary in their host distribution characteristics, with one or several Stx
subtypes being predominantly found in certain host species. Reflecting this, certain Stx
subtypes, including stx1a, stx2a, stx2b, stx2c, and stx2d, are more commonly associated with
human disease than others, while the different subtypes also appear to vary in the severity
of diseases that they are associated with. Moreover, given the transmissibility of stx genes
across different bacterial populations [192] and the growing presence of bacterial strains
carrying multiple Stx subtypes simultaneously [193], the virulence potential of bacterial
populations capable of producing Shiga toxins may be on the rise. As such, given the wide
array of host- and disease-related characteristics associated with Shiga toxin, the rapid
and accurate determination of each subtype will be critically important for the proper
evaluation of the health risks associated with Stx-producing pathogens.

Author Contributions: Conceptualization, S.Z.; methodology, S.Z. and X.W.; formal analysis, S.Z. and
X.W.; writing—original draft preparation, S.Z. and X.W.; writing—review and editing, S.Z., X.W., D.Y.,
L.C., T.Z., Y.F. and Y.C.; visualization, X.W.; supervision, S.Z.; project administration, S.Z.; funding
acquisition, S.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant
number 82073514), the Non-profit Technology Research Program of Ningbo (grant number 2023S071),
and the National Natural Science Foundation of China (grant number 42067023).

Data Availability Statement: All data are available upon request.

Conflicts of Interest: The authors declare no conflicts of interest.



Microorganisms 2024, 12, 687 18 of 26

References
1. Trofa, A.F.; Ueno-Olsen, H.; Oiwa, R.; Yoshikawa, M. Dr. Kiyoshi Shiga: Discoverer of the dysentery bacillus. Clin. Infect. Dis.

1999, 29, 1303–1306. [CrossRef] [PubMed]
2. O’Brien, A.D.; Laveck, G.D. Immunochemical and cytotoxic activities of Shigella dysenteriae 1 (shiga) and shiga-like toxins. Infect.

Immun. 1982, 35, 1151–1154. [CrossRef] [PubMed]
3. O’Brien, A.D.; LaVeck, G.D. Purification and characterization of a Shigella dysenteriae 1-like toxin produced by Escherichia coli.

Infect. Immun. 1983, 40, 675–683. [CrossRef] [PubMed]
4. Calderwood, S.B.; Mekalanos, J.J. Iron regulation of Shiga-like toxin expression in Escherichia coli is mediated by the fur locus. J.

Bacteriol. 1987, 169, 4759–4764. [CrossRef]
5. Galderwood, S. Proposed new nomenclature for SLT (VT) family. ASM News 1996, 62, 118–119.
6. Scheutz, F.; Teel, L.D.; Beutin, L.; Pierard, D.; Buvens, G.; Karch, H.; Mellmann, A.; Caprioli, A.; Tozzoli, R.; Morabito, S.; et al.

Multicenter evaluation of a sequence-based protocol for subtyping Shiga toxins and standardizing Stx nomenclature. J. Clin.
Microbiol. 2012, 50, 2951–2963. [CrossRef]

7. Mauro, S.A.; Koudelka, G.B. Shiga toxin: Expression, distribution, and its role in the environment. Toxins 2011, 3, 608–625.
[CrossRef] [PubMed]

8. Melton-Celsa, A.R. Shiga toxin (Stx) classification, structure, and function. Microbiol. Spectr. 2014, 2, EHEC-0024-2013. [CrossRef]
9. Gallegos, K.M.; Conrady, D.G.; Karve, S.S.; Gunasekera, T.S.; Herr, A.B.; Weiss, A.A. Shiga toxin binding to glycolipids and

glycans. PLoS ONE 2012, 7, e30368. [CrossRef] [PubMed]
10. Saxena, S.K.; O’Brien, A.D.; Ackerman, E.J. Shiga toxin, Shiga-like toxin II variant, and ricin are all single-site RNA N-glycosidases

of 28 S RNA when microinjected into Xenopus oocytes. J. Biol. Chem. 1989, 264, 596–601. [CrossRef]
11. Johannes, L.; Romer, W. Shiga toxins—From cell biology to biomedical applications. Nat. Rev. Microbiol. 2010, 8, 105–116.

[CrossRef]
12. Gilbreath, J.J.; Shields, M.S.; Smith, R.L.; Farrell, L.D.; Sheridan, P.P.; Spiegel, K.M. Shiga toxins, and the genes encoding them, in

fecal samples from native Idaho ungulates. Appl. Environ. Microbiol. 2009, 75, 862–865. [CrossRef] [PubMed]
13. Karmali, M.A.; Steele, B.T.; Petric, M.; Lim, C. Sporadic cases of haemolytic-uraemic syndrome associated with faecal cytotoxin

and cytotoxin-producing Escherichia coli in stools. Lancet 1983, 1, 619–620. [CrossRef] [PubMed]
14. Karmali, M.A.; Petric, M.; Lim, C.; Fleming, P.C.; Arbus, G.S.; Lior, H. The association between idiopathic hemolytic uremic

syndrome and infection by verotoxin-producing Escherichia coli. J. Infect. Dis. 1985, 151, 775–782. [CrossRef]
15. Majowicz, S.E.; Scallan, E.; Jones-Bitton, A.; Sargeant, J.M.; Stapleton, J.; Angulo, F.J.; Yeung, D.H.; Kirk, M.D. Global incidence of

human Shiga toxin-producing Escherichia coli infections and deaths: A systematic review and knowledge synthesis. Foodborne
Pathog. Dis. 2014, 11, 447–455. [CrossRef]

16. Bouzari, S.; Oloomi, M.; Azadmanesh, K. Study on induction of apoptosis on HeLa and Vero cells by recombinant Shiga toxin
and its subunits. Cytotechnology 2009, 60, 105. [CrossRef]

17. Basu, D.; Li, X.P.; Kahn, J.N.; May, K.L.; Kahn, P.C.; Tumer, N.E. The A1 subunit of Shiga toxin 2 has higher affinity for ribosomes
and higher catalytic activity than the A1 subunit of Shiga toxin 1. Infect. Immun. 2016, 84, 149–161. [CrossRef] [PubMed]

18. Fuller, C.A.; Pellino, C.A.; Flagler, M.J.; Strasser, J.E.; Weiss, A.A. Shiga toxin subtypes display dramatic differences in potency.
Infect. Immun. 2011, 79, 1329–1337. [CrossRef]

19. Zhang, W.; Bielaszewska, M.; Kuczius, T.; Karch, H. Identification, characterization, and distribution of a Shiga toxin 1 gene
variant (stx(1c)) in Escherichia coli strains isolated from humans. J. Clin. Microbiol. 2002, 40, 1441–1446. [CrossRef]

20. Bürk, C.; Dietrich, R.; Acar, G.; Moravek, M.; Bulte, M.; Martlbauer, E. Identification and characterization of a new variant of
Shiga toxin 1 in Escherichia coli ONT:H19 of bovine origin. J. Clin. Microbiol. 2003, 41, 2106–2112. [CrossRef]

21. Probert, W.S.; McQuaid, C.; Schrader, K. Isolation and identification of an Enterobacter cloacae strain producing a novel subtype of
Shiga toxin type 1. J. Clin. Microbiol. 2014, 52, 2346–2351. [CrossRef]

22. Jackson, M.P.; Newland, J.W.; Holmes, R.K.; O’Brien, A.D. Nucleotide sequence analysis of the structural genes for Shiga-like
toxin I encoded by bacteriophage 933J from Escherichia coli. Microb. Pathog. 1987, 2, 147–153. [CrossRef]

23. Paton, A.W.; Paton, J.C.; Heuzenroeder, M.W.; Goldwater, P.N.; Manning, P.A. Cloning and nucleotide sequence of a variant
Shiga-like toxin II gene from Escherichia coli OX3:H21 isolated from a case of sudden infant death syndrome. Microb. Pathog. 1992,
13, 225–236. [CrossRef]

24. Schmitt, C.K.; McKee, M.L.; O’Brien, A.D. Two copies of Shiga-like toxin II-related genes common in enterohemorrhagic Escherichia
coli strains are responsible for the antigenic heterogeneity of the O157:H- strain E32511. Infect. Immun. 1991, 59, 1065–1073.
[CrossRef] [PubMed]

25. Ito, H.; Terai, A.; Kurazono, H.; Takeda, Y.; Nishibuchi, M. Cloning and nucleotide sequencing of Vero toxin 2 variant genes from
Escherichia coli O91:H21 isolated from a patient with the hemolytic uremic syndrome. Microb. Pathog. 1990, 8, 47–60. [CrossRef]
[PubMed]

26. Weinstein, D.L.; Jackson, M.P.; Samuel, J.E.; Holmes, R.K.; O’Brien, A.D. Cloning and sequencing of a Shiga-like toxin type II
variant from Escherichia coli strain responsible for edema disease of swine. J. Bacteriol. 1988, 170, 4223–4230. [CrossRef] [PubMed]

27. Schmidt, H.; Scheef, J.; Morabito, S.; Caprioli, A.; Wieler, L.H.; Karch, H. A new Shiga toxin 2 variant (Stx2f) from Escherichia coli
isolated from pigeons. Appl. Environ. Microbiol. 2000, 66, 1205–1208. [CrossRef] [PubMed]

https://doi.org/10.1086/313437
https://www.ncbi.nlm.nih.gov/pubmed/10524979
https://doi.org/10.1128/iai.35.3.1151-1154.1982
https://www.ncbi.nlm.nih.gov/pubmed/7040247
https://doi.org/10.1128/iai.40.2.675-683.1983
https://www.ncbi.nlm.nih.gov/pubmed/6341244
https://doi.org/10.1128/jb.169.10.4759-4764.1987
https://doi.org/10.1128/JCM.00860-12
https://doi.org/10.3390/toxins3060608
https://www.ncbi.nlm.nih.gov/pubmed/22069728
https://doi.org/10.1128/microbiolspec.EHEC-0024-2013
https://doi.org/10.1371/journal.pone.0030368
https://www.ncbi.nlm.nih.gov/pubmed/22348006
https://doi.org/10.1016/S0021-9258(17)31302-9
https://doi.org/10.1038/nrmicro2279
https://doi.org/10.1128/AEM.01158-08
https://www.ncbi.nlm.nih.gov/pubmed/19060170
https://doi.org/10.1016/S0140-6736(83)91795-6
https://www.ncbi.nlm.nih.gov/pubmed/6131302
https://doi.org/10.1093/infdis/151.5.775
https://doi.org/10.1089/fpd.2013.1704
https://doi.org/10.1007/s10616-009-9220-1
https://doi.org/10.1128/IAI.00994-15
https://www.ncbi.nlm.nih.gov/pubmed/26483409
https://doi.org/10.1128/IAI.01182-10
https://doi.org/10.1128/JCM.40.4.1441-1446.2002
https://doi.org/10.1128/JCM.41.5.2106-2112.2003
https://doi.org/10.1128/JCM.00338-14
https://doi.org/10.1016/0882-4010(87)90106-9
https://doi.org/10.1016/0882-4010(92)90023-H
https://doi.org/10.1128/iai.59.3.1065-1073.1991
https://www.ncbi.nlm.nih.gov/pubmed/1997410
https://doi.org/10.1016/0882-4010(90)90007-D
https://www.ncbi.nlm.nih.gov/pubmed/2185397
https://doi.org/10.1128/jb.170.9.4223-4230.1988
https://www.ncbi.nlm.nih.gov/pubmed/3045088
https://doi.org/10.1128/AEM.66.3.1205-1208.2000
https://www.ncbi.nlm.nih.gov/pubmed/10698793


Microorganisms 2024, 12, 687 19 of 26

28. Leung, P.H.; Peiris, J.S.; Ng, W.W.; Robins-Browne, R.M.; Bettelheim, K.A.; Yam, W.C. A newly discovered verotoxin variant,
VT2g, produced by bovine verocytotoxigenic Escherichia coli. Appl. Environ. Microbiol. 2003, 69, 7549–7553. [CrossRef]

29. Bai, X.; Fu, S.; Zhang, J.; Fan, R.; Xu, Y.; Sun, H.; He, X.; Xu, J.; Xiong, Y. Identification and pathogenomic analysis of an Escherichia
coli strain producing a novel Shiga toxin 2 subtype. Sci. Rep. 2018, 8, 6756. [CrossRef]

30. Lacher, D.W.; Gangiredla, J.; Patel, I.; Elkins, C.A.; Feng, P.C. Use of the Escherichia coli identification microarray for characterizing
the health risks of Shiga toxin-producing Escherichia coli isolated from foods. J. Food Prot. 2016, 79, 1656–1662. [CrossRef]

31. Gill, A.; Dussault, F.; McMahon, T.; Petronella, N.; Wang, X.; Cebelinski, E.; Scheutz, F.; Weedmark, K.; Blais, B.; Carrillo, C.
Characterization of atypical Shiga toxin gene sequences and description of Stx2j, a new subtype. J. Clin. Microbiol. 2022, 60,
e0222921. [CrossRef] [PubMed]

32. Yang, X.; Bai, X.; Zhang, J.; Sun, H.; Fu, S.; Fan, R.; He, X.; Scheutz, F.; Matussek, A.; Xiong, Y. Escherichia coli strains producing a
novel Shiga toxin 2 subtype circulate in China. Int. J. Med. Microbiol. 2020, 310, 151377. [CrossRef] [PubMed]

33. Koutsoumanis, K.; Allende, A.; Alvarez-Ordóñez, A.; Bover-Cid, S.; Chemaly, M.; Davies, R.; De Cesare, A.; Herman, L.; Hilbert,
F.; Lindqvist, R.; et al. Pathogenicity assessment of Shiga toxin-producing Escherichia coli (STEC) and the public health risk posed
by contamination of food with STEC. EFSA J. 2020, 18, e05967.

34. Bai, X.; Scheutz, F.; Dahlgren, H.M.; Hedenstrom, I.; Jernberg, C. Characterization of clinical Escherichia coli strains producing a
novel Shiga toxin 2 subtype in Sweden and Denmark. Microorganisms 2021, 9, 2374. [CrossRef] [PubMed]

35. Lindsey, R.L.; Prasad, A.; Feldgarden, M.; Gonzalez-Escalona, N.; Kapsak, C.; Klimke, W.; Melton-Celsa, A.; Smith, P.; Souvorov,
A.; Truong, J.; et al. Identification and characterization of ten Escherichia coli strains encoding novel Shiga toxin 2 subtypes, Stx2n
as well as Stx2j, Stx2m, and Stx2o, in the United States. Microorganisms 2023, 11, 2561. [CrossRef]

36. Riley, L.W.; Remis, R.S.; Helgerson, S.D.; McGee, H.B.; Wells, J.G.; Davis, B.R.; Hebert, R.J.; Olcott, E.S.; Johnson, L.M.; Hargrett,
N.T.; et al. Hemorrhagic colitis associated with a rare Escherichia coli serotype. N. Engl. J. Med. 1983, 308, 681–685. [CrossRef]
[PubMed]

37. Johnson, W.M.; Lior, H.; Bezanson, G.S. Cytotoxic Escherichia coli O157:H7 associated with haemorrhagic colitis in Canada. Lancet
1983, 1, 76. [CrossRef] [PubMed]

38. Strockbine, N.A.; Marques, L.R.; Newland, J.W.; Smith, H.W.; Holmes, R.K.; O’Brien, A.D. Two toxin-converting phages from
Escherichia coli O157:H7 strain 933 encode antigenically distinct toxins with similar biologic activities. Infect. Immun. 1986, 53,
135–140. [CrossRef] [PubMed]

39. Bertin, Y.; Boukhors, K.; Pradel, N.; Livrelli, V.; Martin, C. Stx2 subtyping of Shiga toxin-producing Escherichia coli isolated from
cattle in France: Detection of a new Stx2 subtype and correlation with additional virulence factors. J. Clin. Microbiol. 2001, 39,
3060–3065. [CrossRef] [PubMed]

40. Marques, L.R.M.; Peiris, J.S.M.; Cryz, S.J.; O’Brien, A.D. Escherichia coli strains isolated from pigs with edema disease produce a
variant of Shiga-like toxin II. FEMS Microbiol. Lett. 1987, 44, 33–38. [CrossRef]

41. Oku, Y.; Yutsudo, T.; Hirayama, T.; O’Brien, A.D.; Takeda, Y. Purification and some properties of a Vero toxin from a human
strain of Escherichia coli that is immunologically related to Shiga-like toxin II (VT2). Microb. Pathog. 1989, 6, 113–122. [CrossRef]
[PubMed]

42. Gannon, V.P.; Teerling, C.; Masri, S.A.; Gyles, C.L. Molecular cloning and nucleotide sequence of another variant of the Escherichia
coli Shiga-like toxin II family. J. Gen. Microbiol. 1990, 136, 1125–1135. [CrossRef] [PubMed]

43. De Rauw, K.; Jacobs, S.; Pierard, D. Twenty-seven years of screening for Shiga toxin-producing Escherichia coli in a university
hospital, Brussels, Belgium, 1987–2014. PLoS ONE 2018, 13, e0199968. [CrossRef] [PubMed]

44. Nuesch-Inderbinen, M.; Morach, M.; Cernela, N.; Althaus, D.; Jost, M.; Mausezahl, M.; Bloomberg, G.; Stephan, R. Serotypes and
virulence profiles of Shiga toxin-producing Escherichia coli strains isolated during 2017 from human infections in Switzerland. Int.
J. Med. Microbiol. 2018, 308, 933–939. [CrossRef] [PubMed]

45. Chattaway, M.A.; Dallman, T.J.; Gentle, A.; Wright, M.J.; Long, S.E.; Ashton, P.M.; Perry, N.T.; Jenkins, C. Whole genome
sequencing for public health surveillance of Shiga toxin-producing Escherichia coli other than serogroup O157. Front. Microbiol.
2016, 7, 258. [CrossRef] [PubMed]

46. Moeinirad, M.; Douraghi, M.; Rahimi Foroushani, A.; Sanikhani, R.; Soltan Dallal, M.M. Molecular characterization and
prevalence of virulence factor genes of Shiga toxin-producing Escherichia coli (STEC) isolated from diarrheic children. Gene Rep.
2021, 25, 101379. [CrossRef]

47. Bai, X.; Mernelius, S.; Jernberg, C.; Einemo, I.M.; Monecke, S.; Ehricht, R.; Lofgren, S.; Matussek, A. Shiga toxin-producing
Escherichia coli infection in Jonkoping county, Sweden: Occurrence and molecular characteristics in correlation with clinical
symptoms and duration of stx shedding. Front. Cell. Infect. Microbiol. 2018, 8, 125. [CrossRef] [PubMed]

48. Matussek, A.; Jernberg, C.; Einemo, I.M.; Monecke, S.; Ehricht, R.; Engelmann, I.; Lofgren, S.; Mernelius, S. Genetic makeup of
Shiga toxin-producing Escherichia coli in relation to clinical symptoms and duration of shedding: A microarray analysis of isolates
from Swedish children. Eur. J. Clin. Microbiol. Infect. Dis. 2017, 36, 1433–1441. [CrossRef] [PubMed]

49. Vishram, B.; Jenkins, C.; Greig, D.R.; Godbole, G.; Carroll, K.; Balasegaram, S.; Byrne, L. The emerging importance of Shiga
toxin-producing Escherichia coli other than serogroup O157 in England. J. Med. Microbiol. 2021, 70, 001375. [CrossRef]

50. Ferdous, M.; Friedrich, A.W.; Grundmann, H.; de Boer, R.F.; Croughs, P.D.; Islam, M.A.; Kluytmans-van den Bergh, M.F.;
Kooistra-Smid, A.M.; Rossen, J.W. Molecular characterization and phylogeny of Shiga toxin-producing Escherichia coli isolates
obtained from two Dutch regions using whole genome sequencing. Clin. Microbiol. Infect. 2016, 22, 642.e1-642.e9. [CrossRef]

https://doi.org/10.1128/AEM.69.12.7549-7553.2003
https://doi.org/10.1038/s41598-018-25233-x
https://doi.org/10.4315/0362-028X.JFP-16-176
https://doi.org/10.1128/jcm.02229-21
https://www.ncbi.nlm.nih.gov/pubmed/35225693
https://doi.org/10.1016/j.ijmm.2019.151377
https://www.ncbi.nlm.nih.gov/pubmed/31757694
https://doi.org/10.3390/microorganisms9112374
https://www.ncbi.nlm.nih.gov/pubmed/34835499
https://doi.org/10.3390/microorganisms11102561
https://doi.org/10.1056/NEJM198303243081203
https://www.ncbi.nlm.nih.gov/pubmed/6338386
https://doi.org/10.1016/S0140-6736(83)91616-1
https://www.ncbi.nlm.nih.gov/pubmed/6129412
https://doi.org/10.1128/iai.53.1.135-140.1986
https://www.ncbi.nlm.nih.gov/pubmed/3522426
https://doi.org/10.1128/JCM.39.9.3060-3065.2001
https://www.ncbi.nlm.nih.gov/pubmed/11526129
https://doi.org/10.1111/j.1574-6968.1987.tb02237.x
https://doi.org/10.1016/0882-4010(89)90014-4
https://www.ncbi.nlm.nih.gov/pubmed/2654533
https://doi.org/10.1099/00221287-136-6-1125
https://www.ncbi.nlm.nih.gov/pubmed/2200845
https://doi.org/10.1371/journal.pone.0199968
https://www.ncbi.nlm.nih.gov/pubmed/29965972
https://doi.org/10.1016/j.ijmm.2018.06.011
https://www.ncbi.nlm.nih.gov/pubmed/30042042
https://doi.org/10.3389/fmicb.2016.00258
https://www.ncbi.nlm.nih.gov/pubmed/26973632
https://doi.org/10.1016/j.genrep.2021.101379
https://doi.org/10.3389/fcimb.2018.00125
https://www.ncbi.nlm.nih.gov/pubmed/29765909
https://doi.org/10.1007/s10096-017-2950-7
https://www.ncbi.nlm.nih.gov/pubmed/28421309
https://doi.org/10.1099/jmm.0.001375
https://doi.org/10.1016/j.cmi.2016.03.028


Microorganisms 2024, 12, 687 20 of 26

51. Carroll, K.J.; Harvey-Vince, L.; Jenkins, C.; Mohan, K.; Balasegaram, S. The epidemiology of Shiga toxin-producing Escherichia
coli infections in the South East of England: November 2013–March 2017 and significance for clinical and public health. J. Med.
Microbiol. 2019, 68, 930–939. [CrossRef] [PubMed]

52. Bielaszewska, M.; Friedrich, A.W.; Aldick, T.; Schurk-Bulgrin, R.; Karch, H. Shiga toxin activatable by intestinal mucus in
Escherichia coli isolated from humans: Predictor for a severe clinical outcome. Clin. Infect. Dis. 2006, 43, 1160–1167. [CrossRef]
[PubMed]

53. Fasel, D.; Mellmann, A.; Cernela, N.; Hachler, H.; Fruth, A.; Khanna, N.; Egli, A.; Beckmann, C.; Hirsch, H.H.; Goldenberger, D.;
et al. Hemolytic uremic syndrome in a 65-Year-old male linked to a very unusual type of stx2e- and eae-harboring O51:H49 Shiga
toxin-producing Escherichia coli. J. Clin. Microbiol. 2014, 52, 1301–1303. [CrossRef] [PubMed]

54. Stritt, A.; Tschumi, S.; Kottanattu, L.; Bucher, B.S.; Steinmann, M.; von Steiger, N.; Stephan, R.; Hachler, H.; Simonetti, G.D.
Neonatal hemolytic uremic syndrome after mother-to-child transmission of a low-pathogenic stx2b harboring Shiga toxin-
producing Escherichia coli. Clin. Infect. Dis. 2013, 56, 114–116. [CrossRef] [PubMed]

55. Zhi, S.; Szelewicki, J.; Ziebell, K.; Parsons, B.; Chui, L. General detection of Shiga toxin 2 and subtyping of Shiga toxin 1 and 2 in
Escherichia coli using qPCR. J. Microbiol. Methods 2019, 159, 51–55. [CrossRef] [PubMed]

56. Harada, T.; Wakabayashi, Y.; Seto, K.; Lee, K.; Iyoda, S.; Kawatsu, K. Real-time PCR assays to detect 10 Shiga toxin subtype (Stx1a,
Stx1c, Stx1d, Stx2a, Stx2b, Stx2c, Stx2d, Stx2e, Stx2f, and Stx2g) genes. Diagn. Microbiol. Infect. Dis. 2023, 105, 115874. [CrossRef]
[PubMed]

57. Ashton, P.M.; Perry, N.; Ellis, R.; Petrovska, L.; Wain, J.; Grant, K.A.; Jenkins, C.; Dallman, T.J. Insight into Shiga toxin genes
encoded by Escherichia coli O157 from whole genome sequencing. Peerj 2015, 3, e739. [CrossRef] [PubMed]

58. Beutin, L.; Strauch, E.; Fischer, I. Isolation of Shigella sonnei lysogenic for a bacteriophage encoding gene for production of Shiga
toxin. Lancet 1999, 353, 1498. [CrossRef] [PubMed]

59. Lamba, K.; Nelson, J.A.; Kimura, A.C.; Poe, A.; Collins, J.; Kao, A.S.; Cruz, L.; Inami, G.; Vaishampayan, J.; Garza, A.; et al. Shiga
toxin 1-producing Shigella sonnei infections, California, United States, 2014–2015. Emerg. Infect. Dis. 2016, 22, 679–686. [CrossRef]

60. Gray, M.D.; Lacher, D.W.; Leonard, S.R.; Abbott, J.; Zhao, S.; Lampel, K.A.; Prothery, E.; Gouali, M.; Weill, F.X.; Maurelli, A.T.
Prevalence of Shiga toxin-producing Shigella species isolated from French travellers returning from the Caribbean: An emerging
pathogen with international implications. Clin. Microbiol. Infect. 2015, 21, 765.e769-765.e714. [CrossRef]

61. Schmidt, H.; Montag, M.; Bockemuhl, J.; Heesemann, J.; Karch, H. Shiga-like toxin II-related cytotoxins in Citrobacter freundii
strains from humans and beef samples. Infect. Immun. 1993, 61, 534–543. [CrossRef] [PubMed]

62. Paton, J.C.; Paton, A.W. Instability of a Shiga toxin type 2 gene in Enterobacter cloacae. J. Clin. Microbiol. 1997, 35, 1917. [CrossRef]
[PubMed]

63. Ori, E.L.; Takagi, E.H.; Andrade, T.S.; Miguel, B.T.; Cergole-Novella, M.C.; Guth, B.E.C.; Hernandes, R.T.; Dias, R.C.B.; Pinheiro,
S.R.S.; Camargo, C.H.; et al. Diarrhoeagenic Escherichia coli and Escherichia albertii in Brazil: Pathotypes and serotypes over a
6-year period of surveillance. Epidemiol. Infect. 2018, 147, e10. [CrossRef] [PubMed]

64. Grotiuz, G.; Sirok, A.; Gadea, P.; Varela, G.; Schelotto, F. Shiga toxin 2-producing Acinetobacter haemolyticus associated with a case
of bloody diarrhea. J. Clin. Microbiol. 2006, 44, 3838–3841. [CrossRef]

65. da Silva, P.S.; Lipinski, R.W. Hemolytic uremic syndrome associated with Acinetobacter hemolyticus. Ren. Fail. 2014, 36, 1122–1124.
[CrossRef] [PubMed]

66. Ooka, T.; Seto, K.; Kawano, K.; Kobayashi, H.; Etoh, Y.; Ichihara, S.; Kaneko, A.; Isobe, J.; Yamaguchi, K.; Horikawa, K.; et al.
Clinical significance of Escherichia albertii. Emerg. Infect. Dis. 2012, 18, 488–492. [CrossRef]

67. Moore, M.A.; Blaser, M.J.; Perez-Perez, G.I.; O’Brien, A.D. Production of a Shiga-like cytotoxin by Campylobacter. Microb. Pathog.
1988, 4, 455–462. [CrossRef] [PubMed]

68. Zhi, S.; Parsons, B.D.; Szelewicki, J.; Yuen, Y.T.K.; Fach, P.; Delannoy, S.; Li, V.; Ferrato, C.; Freedman, S.B.; Lee, B.E.; et al.
Identification of Shiga-toxin-producing Shigella infections in travel and non-travel related cases in Alberta, Canada. Toxins 2021,
13, 755. [CrossRef] [PubMed]

69. Fogolari, M.; Mavian, C.; Angeletti, S.; Salemi, M.; Lampel, K.A.; Maurelli, A.T. Distribution and characterization of Shiga toxin
converting temperate phages carried by Shigella flexneri in Hispaniola. Infect. Genet. Evol. 2018, 65, 321–328. [CrossRef]

70. Gupta, S.K.; Strockbine, N.; Omondi, M.; Hise, K.; Fair, M.A.; Mintz, E. Emergence of Shiga toxin 1 genes within Shigella dysenteriae
type 4 isolates from travelers returning from the Island of Hispanola. Am. J. Trop. Med. Hyg. 2007, 76, 1163–1165. [CrossRef]

71. Gray, M.D.; Lampel, K.A.; Strockbine, N.A.; Fernandez, R.E.; Melton-Celsa, A.R.; Maurelli, A.T. Clinical isolates of Shiga toxin
1a-producing Shigella flexneri with an epidemiological link to recent travel to Hispaniola. Emerg. Infect. Dis. 2014, 20, 1669–1677.
[CrossRef] [PubMed]

72. Adams, C.; Vose, A.; Edmond, M.B.; Lyckholm, L. Shigella sonnei and hemolytic uremic syndrome: A case report and literature
review. IDCases 2017, 8, 6–8. [CrossRef] [PubMed]

73. Carter, C.C.; Fierer, J.; Chiu, W.W.; Looney, D.J.; Strain, M.; Mehta, S.R. A novel Shiga toxin 1a-converting bacteriophage of
Shigella sonnei with close relationship to Shiga toxin 2-converting Pages of Escherichia coli. Open Forum Infect. Dis. 2016, 3, ofw079.
[CrossRef]

74. Bekal, S.; Pilon, P.A.; Cloutier, N.; Doualla-Bell, F.; Longtin, J. Identification of Shigella flexneri isolates carrying the Shiga toxin
1-producing gene in Quebec, Canada, linked to travel to Haiti. Can. J. Microbiol. 2015, 61, 995–996. [CrossRef]

https://doi.org/10.1099/jmm.0.000970
https://www.ncbi.nlm.nih.gov/pubmed/30994441
https://doi.org/10.1086/508195
https://www.ncbi.nlm.nih.gov/pubmed/17029135
https://doi.org/10.1128/JCM.03459-13
https://www.ncbi.nlm.nih.gov/pubmed/24501025
https://doi.org/10.1093/cid/cis851
https://www.ncbi.nlm.nih.gov/pubmed/23042969
https://doi.org/10.1016/j.mimet.2019.02.008
https://www.ncbi.nlm.nih.gov/pubmed/30772308
https://doi.org/10.1016/j.diagmicrobio.2022.115874
https://www.ncbi.nlm.nih.gov/pubmed/36529020
https://doi.org/10.7717/peerj.739
https://www.ncbi.nlm.nih.gov/pubmed/25737808
https://doi.org/10.1016/S0140-6736(99)00961-7
https://www.ncbi.nlm.nih.gov/pubmed/10232325
https://doi.org/10.3201/eid2204.151825
https://doi.org/10.1016/j.cmi.2015.05.006
https://doi.org/10.1128/iai.61.2.534-543.1993
https://www.ncbi.nlm.nih.gov/pubmed/8423084
https://doi.org/10.1128/jcm.35.7.1917-1917.1997
https://www.ncbi.nlm.nih.gov/pubmed/9196227
https://doi.org/10.1017/S0950268818002595
https://www.ncbi.nlm.nih.gov/pubmed/30229714
https://doi.org/10.1128/JCM.00407-06
https://doi.org/10.3109/0886022X.2014.917575
https://www.ncbi.nlm.nih.gov/pubmed/24828697
https://doi.org/10.3201/eid1803.111401
https://doi.org/10.1016/0882-4010(88)90030-7
https://www.ncbi.nlm.nih.gov/pubmed/3193876
https://doi.org/10.3390/toxins13110755
https://www.ncbi.nlm.nih.gov/pubmed/34822539
https://doi.org/10.1016/j.meegid.2018.07.038
https://doi.org/10.4269/ajtmh.2007.76.1163
https://doi.org/10.3201/eid2010.140292
https://www.ncbi.nlm.nih.gov/pubmed/25271406
https://doi.org/10.1016/j.idcr.2017.02.003
https://www.ncbi.nlm.nih.gov/pubmed/28239557
https://doi.org/10.1093/ofid/ofw079
https://doi.org/10.1139/cjm-2015-0538


Microorganisms 2024, 12, 687 21 of 26

75. Chaudhuri, R.R.; Henderson, I.R. The evolution of the Escherichia coli phylogeny. Infect. Genet. Evol. 2012, 12, 214–226. [CrossRef]
[PubMed]

76. Morabito, S.; Karch, H.; Mariani-Kurkdjian, P.; Schmidt, H.; Minelli, F.; Bingen, E.; Caprioli, A. Enteroaggregative, Shiga toxin-
producing Escherichia coli O111:H2 associated with an outbreak of hemolytic-uremic syndrome. J. Clin. Microbiol. 1998, 36,
840–842. [CrossRef]

77. Hauswaldt, S.; Nitschke, M.; Sayk, F.; Solbach, W.; Knobloch, J.K. Lessons learned from outbreaks of Shiga toxin producing
Escherichia coli. Curr. Infect. Dis. Rep. 2013, 15, 4–9. [CrossRef]

78. Mellmann, A.; Harmsen, D.; Cummings, C.A.; Zentz, E.B.; Leopold, S.R.; Rico, A.; Prior, K.; Szczepanowski, R.; Ji, Y.; Zhang, W.;
et al. Prospective genomic characterization of the German enterohemorrhagic Escherichia coli O104:H4 outbreak by rapid next
generation sequencing technology. PLoS ONE 2011, 6, e22751. [CrossRef]

79. Gioia-Di Chiacchio, R.M.; Cunha, M.P.V.; de Sa, L.R.M.; Davies, Y.M.; Pereira, C.B.P.; Martins, F.H.; Munhoz, D.D.; Abe, C.M.;
Franzolin, M.R.; Dos Santos, L.F.; et al. Novel hybrid of typical enteropathogenic Escherichia coli and Shiga-toxin-producing E. coli
(tEPEC/STEC) emerging from pet birds. Front. Microbiol. 2018, 9, 2975. [CrossRef]

80. Bolukaoto, J.Y.; Singh, A.; Alfinete, N.; Barnard, T.G. Occurrence of hybrid diarrhoeagenic Escherichia coli associated with
multidrug resistance in environmental water, Johannesburg, South Africa. Microorganisms 2021, 9, 2163. [CrossRef]

81. Bai, X.; Zhang, J.; Ambikan, A.; Jernberg, C.; Ehricht, R.; Scheutz, F.; Xiong, Y.; Matussek, A. Molecular Characterization and
comparative genomics of clinical hybrid Shiga toxin-producing and enterotoxigenic Escherichia coli (STEC/ETEC) strains in
Sweden. Sci. Rep. 2019, 9, 5619. [CrossRef] [PubMed]

82. Gati, N.S.; Middendorf-Bauchart, B.; Bletz, S.; Dobrindt, U.; Mellmann, A. Origin and evolution of hybrid Shiga toxin-producing
and uropathogenic Escherichia coli strains of sequence type 141. J. Clin. Microbiol. 2019, 58, e01309-19. [CrossRef]

83. Bessonov, K.; Laing, C.; Robertson, J.; Yong, I.; Ziebell, K.; Gannon, V.P.J.; Nichani, A.; Arya, G.; Nash, J.H.E.; Christianson, S.
ECTyper: In silico Escherichia coli serotype and species prediction from raw and assembled whole-genome sequence data. Microb.
Genom. 2021, 7, 000728. [CrossRef] [PubMed]

84. Nguyen, Y.; Sperandio, V. Enterohemorrhagic E. coli (EHEC) pathogenesis. Front. Cell. Infect. Microbiol. 2012, 2, 90. [CrossRef]
[PubMed]

85. Glassman, H.; Ferrato, C.; Chui, L. Epidemiology of non-O157 Shiga toxin-producing Escherichia coli in the province of Alberta,
Canada, from 2018 to 2021. Microorganisms 2022, 10, 814. [CrossRef]

86. Gould, L.H.; Mody, R.K.; Ong, K.L.; Clogher, P.; Cronquist, A.B.; Garman, K.N.; Lathrop, S.; Medus, C.; Spina, N.L.; Webb, T.H.;
et al. Increased recognition of non-O157 Shiga toxin-producing Escherichia coli infections in the United States during 2000–2010:
Epidemiologic features and comparison with E. coli O157 infections. Foodborne Pathog. Dis. 2013, 10, 453–460. [CrossRef]

87. Hedican, E.B.; Medus, C.; Besser, J.M.; Juni, B.A.; Koziol, B.; Taylor, C.; Smith, K.E. Characteristics of O157 vs. non-O157 Shiga
toxin-producing Escherichia coli infections in Minnesota, 2000–2006. Clin. Infect. Dis. 2009, 49, 358–364. [CrossRef]

88. Liu, L.; Lan, R.; Liu, L.; Wang, Y.; Zhang, Y.; Wang, Y.; Xu, J. Antimicrobial resistance and cytotoxicity of Citrobacter spp. in
Maanshan Anhui Province, China. Front. Microbiol. 2017, 8, 1357. [CrossRef]

89. Tschape, H.; Prager, R.; Streckel, W.; Fruth, A.; Tietze, E.; Bohme, G. Verotoxinogenic Citrobacter freundii associated with severe
gastroenteritis and cases of haemolytic uraemic syndrome in a nursery school: Green butter as the infection source. Epidemiol.
Infect. 1995, 114, 441–450. [CrossRef]

90. Tajeddin, E.; Ganji, L.; Hasani, Z.; Ghoalm Mostafaei, F.S.; Azimirad, M.; Torabi, P.; Mohebbi, S.R.; Aghili, N.; Gouya, M.M.;
Eshrati, B.; et al. Shiga toxin-producing bacteria as emerging enteric pathogens associated with outbreaks of foodborne illness in
the Islamic Republic of Iran. East. Mediterr. Health J. 2020, 26, 976–981. [CrossRef]

91. Davin-Regli, A.; Lavigne, J.P.; Pages, J.M. Enterobacter spp.: Update on taxonomy, clinical aspects, and emerging antimicrobial
resistance. Clin. Microbiol. Rev. 2019, 32, e00002-19. [CrossRef] [PubMed]

92. Mezzatesta, M.L.; Gona, F.; Stefani, S. Enterobacter cloacae complex: Clinical impact and emerging antibiotic resistance. Future
Microbiol. 2012, 7, 887–902. [CrossRef] [PubMed]

93. Figueras, M.J.; Suarez-Franquet, A.; Chacon, M.R.; Soler, L.; Navarro, M.; Alejandre, C.; Grasa, B.; Martinez-Murcia, A.J.; Guarro,
J. First record of the rare species Aeromonas culicicola from a drinking water supply. Appl. Environ. Microbiol. 2005, 71, 538–541.
[CrossRef] [PubMed]

94. Janda, J.M.; Abbott, S.L. The genus Aeromonas: Taxonomy, pathogenicity, and infection. Clin. Microbiol. Rev. 2010, 23, 35–73.
[CrossRef] [PubMed]

95. Vila, J.; Ruiz, J.; Gallardo, F.; Vargas, M.; Soler, L.; Figueras, M.J.; Gascon, J. Aeromonas spp. and traveler’s diarrhea: Clinical
features and antimicrobial resistance. Emerg. Infect. Dis. 2003, 9, 552–555. [CrossRef]

96. Haque, Q.M.; Sugiyama, A.; Iwade, Y.; Midorikawa, Y.; Yamauchi, T. Diarrheal and environmental isolates of Aeromonas spp.
produce a toxin similar to Shiga-like toxin 1. Curr. Microbiol. 1996, 32, 239–245. [CrossRef] [PubMed]

97. Snowden, L.; Wernbacher, L.; Stenzel, D.; Tucker, J.; McKay, D.; O’Brien, M.; Katouli, M. Prevalence of environmental Aeromonas
in south east Queensland, Australia: A study of their interactions with human monolayer Caco-2 cells. J. Appl. Microbiol. 2006,
101, 964–975. [CrossRef]

98. Alperi, A.; Figueras, M.J. Human isolates of Aeromonas possess Shiga toxin genes (stx1 and stx2) highly similar to the most
virulent gene variants of Escherichia coli. Clin. Microbiol. Infect. 2010, 16, 1563–1567. [CrossRef] [PubMed]

https://doi.org/10.1016/j.meegid.2012.01.005
https://www.ncbi.nlm.nih.gov/pubmed/22266241
https://doi.org/10.1128/JCM.36.3.840-842.1998
https://doi.org/10.1007/s11908-012-0302-4
https://doi.org/10.1371/journal.pone.0022751
https://doi.org/10.3389/fmicb.2018.02975
https://doi.org/10.3390/microorganisms9102163
https://doi.org/10.1038/s41598-019-42122-z
https://www.ncbi.nlm.nih.gov/pubmed/30948755
https://doi.org/10.1128/JCM.01309-19
https://doi.org/10.1099/mgen.0.000728
https://www.ncbi.nlm.nih.gov/pubmed/34860150
https://doi.org/10.3389/fcimb.2012.00090
https://www.ncbi.nlm.nih.gov/pubmed/22919681
https://doi.org/10.3390/microorganisms10040814
https://doi.org/10.1089/fpd.2012.1401
https://doi.org/10.1086/600302
https://doi.org/10.3389/fmicb.2017.01357
https://doi.org/10.1017/S0950268800052158
https://doi.org/10.26719/emhj.19.102
https://doi.org/10.1128/CMR.00002-19
https://www.ncbi.nlm.nih.gov/pubmed/31315895
https://doi.org/10.2217/fmb.12.61
https://www.ncbi.nlm.nih.gov/pubmed/22827309
https://doi.org/10.1128/AEM.71.1.538-541.2005
https://www.ncbi.nlm.nih.gov/pubmed/15640231
https://doi.org/10.1128/CMR.00039-09
https://www.ncbi.nlm.nih.gov/pubmed/20065325
https://doi.org/10.3201/eid0905.020451
https://doi.org/10.1007/s002849900043
https://www.ncbi.nlm.nih.gov/pubmed/8857271
https://doi.org/10.1111/j.1365-2672.2006.02919.x
https://doi.org/10.1111/j.1469-0691.2010.03203.x
https://www.ncbi.nlm.nih.gov/pubmed/20219084


Microorganisms 2024, 12, 687 22 of 26

99. Brandal, L.T.; Tunsjo, H.S.; Ranheim, T.E.; Lobersli, I.; Lange, H.; Wester, A.L. Shiga toxin 2a in Escherichia albertii. J. Clin. Microbiol.
2015, 53, 1454–1455. [CrossRef]

100. Persad, A.K.; LeJeune, J.T. Animal reservoirs of Shiga toxin-producing Escherichia coli. Microbiol. Spectr. 2014, 2, EHEC-0027-2014.
[CrossRef]

101. Kim, J.S.; Lee, M.S.; Kim, J.H. Recent Updates on Outbreaks of Shiga toxin-producing Escherichia coli and its potential reservoirs.
Front. Cell. Infect. Microbiol. 2020, 10, 273. [CrossRef] [PubMed]

102. Terajima, J.; Izumiya, H.; Hara-Kudo, Y.; Ohnishi, M. Shiga toxin (Verotoxin)-producing Escherichia coli and foodborne disease: A
review. Food Saf. 2017, 5, 35–53. [CrossRef]

103. Pruimboom-Brees, I.M.; Morgan, T.W.; Ackermann, M.R.; Nystrom, E.D.; Samuel, J.E.; Cornick, N.A.; Moon, H.W. Cattle lack
vascular receptors for Escherichia coli O157:H7 Shiga toxins. Proc. Natl. Acad. Sci. USA 2000, 97, 10325–10329. [CrossRef] [PubMed]

104. Menge, C. The role of Escherichia coli Shiga toxins in STEC colonization of cattle. Toxins 2020, 12, 607. [CrossRef] [PubMed]
105. Hoey, D.E.E.; Currie, C.; Else, R.W.; Nutikka, A.; Lingwood, C.A.; Gally, D.L.; Smith, D.G.E. Expression of receptors for verotoxin

1 from Escherichia coli O157 on bovine intestinal epithelium. J. Med. Microbiol. 2002, 51, 143–149. [CrossRef]
106. Hoey, D.E.; Sharp, L.; Currie, C.; Lingwood, C.A.; Gally, D.L.; Smith, D.G. Verotoxin 1 binding to intestinal crypt epithelial cells

results in localization to lysosomes and abrogation of toxicity. Cell. Microbiol. 2003, 5, 85–97. [CrossRef]
107. Naylor, S.W.; Low, J.C.; Besser, T.E.; Mahajan, A.; Gunn, G.J.; Pearce, M.C.; McKendrick, I.J.; Smith, D.G.; Gally, D.L. Lymphoid

follicle-dense mucosa at the terminal rectum is the principal site of colonization of enterohemorrhagic Escherichia coli O157:H7 in
the bovine host. Infect. Immun. 2003, 71, 1505–1512. [CrossRef]

108. Dong, H.J.; Lee, S.; Kim, W.; An, J.U.; Kim, J.; Kim, D.; Cho, S. Prevalence, virulence potential, and pulsed-field gel electrophoresis
profiling of Shiga toxin-producing Escherichia coli strains from cattle. Gut Pathog. 2017, 9, 22. [CrossRef]

109. Lee, K.; Kusumoto, M.; Iwata, T.; Iyoda, S.; Akiba, M. Nationwide investigation of Shiga toxin-producing Escherichia coli among
cattle in Japan revealed the risk factors and potentially virulent subgroups. Epidemiol. Infect. 2017, 145, 1557–1566. [CrossRef]

110. Tahamtan, Y.; Hayati, M.; Namavari, M. Prevalence and distribution of the stx, stx genes in Shiga toxin producing E. coli (STEC)
isolates from cattle. Iran J. Microbiol. 2010, 2, 8–13.

111. Venegas-Vargas, C.; Henderson, S.; Khare, A.; Mosci, R.E.; Lehnert, J.D.; Singh, P.; Ouellette, L.M.; Norby, B.; Funk, J.A.; Rust, S.;
et al. Factors associated with Shiga toxin-producing Escherichia coli shedding by dairy and beef cattle. Appl. Environ. Microbiol.
2016, 82, 5049–5056. [CrossRef] [PubMed]

112. Geue, L.; Segura-Alvarez, M.; Conraths, F.J.; Kuczius, T.; Bockemuhl, J.; Karch, H.; Gallien, P. A long-term study on the prevalence
of shiga toxin-producing Escherichia coli (STEC) on four German cattle farms. Epidemiol. Infect. 2002, 129, 173–185. [CrossRef]
[PubMed]

113. Cobbaut, K.; Berkvens, D.; Houf, K.; De Deken, R.; De Zutter, L. Escherichia coli O157 prevalence in different cattle farm types and
identification of potential risk factors. J. Food Prot. 2009, 72, 1848–1853. [CrossRef] [PubMed]

114. Mir, R.A.; Weppelmann, T.A.; Kang, M.; Bliss, T.M.; DiLorenzo, N.; Lamb, G.C.; Ahn, S.; Jeong, K.C. Association between animal
age and the prevalence of Shiga toxin-producing Escherichia coli in a cohort of beef cattle. Vet. Microbiol. 2015, 175, 325–331.
[CrossRef] [PubMed]

115. Mir, R.A.; Weppelmann, T.A.; Elzo, M.; Ahn, S.; Driver, J.D.; Jeong, K.C. Colonization of beef cattle by Shiga toxin-producing
Escherichia coli during the first year of life: A cohort study. PLoS ONE 2016, 11, e0148518. [CrossRef] [PubMed]

116. Pearce, M.C.; Evans, J.; McKendrick, I.J.; Smith, A.W.; Knight, H.I.; Mellor, D.J.; Woolhouse, M.E.; Gunn, G.J.; Low, J.C. Prevalence
and virulence factors of Escherichia coli serogroups O26, O103, O111, and O145 shed by cattle in Scotland. Appl. Environ. Microbiol.
2006, 72, 653–659. [CrossRef]

117. Barth, S.A.; Menge, C.; Eichhorn, I.; Semmler, T.; Wieler, L.H.; Pickard, D.; Belka, A.; Berens, C.; Geue, L. The accessory genome of
Shiga toxin-producing Escherichia coli defines a persistent colonization type in cattle. Appl. Environ. Microbiol. 2016, 82, 5455–5464.
[CrossRef] [PubMed]

118. Jajarmi, M.; Imani Fooladi, A.A.; Badouei, M.A.; Ahmadi, A. Virulence genes, Shiga toxin subtypes, major O-serogroups, and
phylogenetic background of Shiga toxin-producing Escherichia coli strains isolated from cattle in Iran. Microb. Pathog. 2017, 109,
274–279. [CrossRef] [PubMed]

119. Onyeka, L.O.; Adesiyun, A.A.; Keddy, K.H.; Hassim, A.; Smith, A.M.; Thompson, P.N. Characterisation and epidemiological
subtyping of Shiga toxin-producing Escherichia coli isolated from the beef production chain in Gauteng, South Africa. Prev. Vet.
Med. 2022, 205, 105681. [CrossRef]

120. Zschock, M.; Hamann, H.P.; Kloppert, B.; Wolter, W. Shiga-toxin-producing Escherichia coli in faeces of healthy dairy cows, sheep
and goats: Prevalence and virulence properties. Lett. Appl. Microbiol. 2000, 31, 203–208. [CrossRef]

121. Blankenship, H.M.; Carbonell, S.; Mosci, R.E.; McWilliams, K.; Pietrzen, K.; Benko, S.; Gatesy, T.; Grooms, D.; Manning, S.D.
Genetic and phenotypic factors associated with persistent shedding of Shiga toxin-producing Escherichia coli by beef cattle. Appl.
Environ. Microbiol. 2020, 86, e01292-20. [CrossRef] [PubMed]

122. Capps, K.M.; Ludwig, J.B.; Shridhar, P.B.; Shi, X.; Roberts, E.; DebRoy, C.; Cernicchiaro, N.; Phebus, R.K.; Bai, J.; Nagaraja, T.G.
Identification, Shiga toxin subtypes and prevalence of minor serogroups of Shiga toxin-producing Escherichia coli in feedlot cattle
feces. Sci. Rep. 2021, 11, 8601. [CrossRef] [PubMed]

123. Shridhar, P.B.; Siepker, C.; Noll, L.W.; Shi, X.; Nagaraja, T.G.; Bai, J. Shiga toxin subtypes of non-O157 Escherichia coli serogroups
isolated from cattle feces. Front. Cell. Infect. Microbiol. 2017, 7, 121. [CrossRef] [PubMed]

https://doi.org/10.1128/JCM.03378-14
https://doi.org/10.1128/microbiolspec.EHEC-0027-2014
https://doi.org/10.3389/fcimb.2020.00273
https://www.ncbi.nlm.nih.gov/pubmed/32582571
https://doi.org/10.14252/foodsafetyfscj.2016029
https://doi.org/10.1073/pnas.190329997
https://www.ncbi.nlm.nih.gov/pubmed/10973498
https://doi.org/10.3390/toxins12090607
https://www.ncbi.nlm.nih.gov/pubmed/32967277
https://doi.org/10.1099/0022-1317-51-2-143
https://doi.org/10.1046/j.1462-5822.2003.00254.x
https://doi.org/10.1128/IAI.71.3.1505-1512.2003
https://doi.org/10.1186/s13099-017-0169-x
https://doi.org/10.1017/S0950268817000474
https://doi.org/10.1128/AEM.00829-16
https://www.ncbi.nlm.nih.gov/pubmed/27342555
https://doi.org/10.1017/S0950268802007288
https://www.ncbi.nlm.nih.gov/pubmed/12211585
https://doi.org/10.4315/0362-028X-72.9.1848
https://www.ncbi.nlm.nih.gov/pubmed/19777885
https://doi.org/10.1016/j.vetmic.2014.12.016
https://www.ncbi.nlm.nih.gov/pubmed/25561429
https://doi.org/10.1371/journal.pone.0148518
https://www.ncbi.nlm.nih.gov/pubmed/26849041
https://doi.org/10.1128/AEM.72.1.653-659.2006
https://doi.org/10.1128/AEM.00909-16
https://www.ncbi.nlm.nih.gov/pubmed/27371579
https://doi.org/10.1016/j.micpath.2017.05.041
https://www.ncbi.nlm.nih.gov/pubmed/28578089
https://doi.org/10.1016/j.prevetmed.2022.105681
https://doi.org/10.1046/j.1365-2672.2000.00789.x
https://doi.org/10.1128/AEM.01292-20
https://www.ncbi.nlm.nih.gov/pubmed/32769184
https://doi.org/10.1038/s41598-021-87544-w
https://www.ncbi.nlm.nih.gov/pubmed/33883564
https://doi.org/10.3389/fcimb.2017.00121
https://www.ncbi.nlm.nih.gov/pubmed/28443248


Microorganisms 2024, 12, 687 23 of 26

124. Beutin, L.; Geier, D.; Steinruck, H.; Zimmermann, S.; Scheutz, F. Prevalence and some properties of verotoxin (Shiga-like
toxin)-producing Escherichia coli in seven different species of healthy domestic animals. J. Clin. Microbiol. 1993, 31, 2483–2488.
[CrossRef] [PubMed]

125. McCarthy, S.C.; Macori, G.; Duggan, G.; Burgess, C.M.; Fanning, S.; Duffy, G. Prevalence and whole-genome sequence-based
analysis of Shiga toxin-producing Escherichia coli isolates from the recto-anal junction of slaughter-age Irish sheep. Appl. Environ.
Microbiol. 2021, 87, e0138421. [CrossRef] [PubMed]

126. Urdahl, A.M.; Beutin, L.; Skjerve, E.; Zimmermann, S.; Wasteson, Y. Animal host associated differences in Shiga toxin-producing
Escherichia coli isolated from sheep and cattle on the same farm. J. Appl. Microbiol. 2003, 95, 92–101. [CrossRef] [PubMed]

127. Zaheri, H.; Ghanbarpour, R.; Jajarmi, M.; Bagheri, M.; Ghanadian, A.; Askari Badouei, M. Public health aspects of Shiga toxin-
producing Escherichia coli (STEC) strains in sheep and goats of Bakhtiari pastoral tribe, Iran. Trop. Anim. Health Prod. 2020, 52,
2721–2724. [CrossRef]

128. Sánchez, S.; Martínez, R.; García, A.; Benítez, J.M.; Blanco, J.; Blanco, J.E.; Blanco, M.; Dahbi, G.; López, C.; Mora, A.; et al.
Variation in the prevalence of non-O157 Shiga toxin-producing Escherichia coli in four sheep flocks during a 12-month longitudinal
study. Small Rumin. Res. 2010, 93, 144–148. [CrossRef]

129. Cookson, A.L.; Taylor, S.C.; Bennett, J.; Thomson-Carter, F.; Attwood, G.T. Serotypes and analysis of distribution of Shiga toxin
producing Escherichia coli from cattle and sheep in the lower north Island, New Zealand. N. Z. Vet. J. 2006, 54, 78–84. [CrossRef]

130. Fegan, N.; Desmarchelier, P. Shiga toxin-producing Escherichia coli in sheep and pre-slaughter lambs in eastern Australia. Lett.
Appl. Microbiol. 1999, 28, 335–339. [CrossRef]

131. McCluskey, B.J.; Rice, D.H.; Hancock, D.D.; Hovde, C.J.; Besser, T.E.; Gray, S.; Johnson, R.P. Prevalence of Escherichia coli O157 and
other Shiga-toxin-producing E. coli in lambs at slaughter. J. Vet. Diagn. Investig. 1999, 11, 563–565. [CrossRef]

132. Martins, F.H.; Guth, B.E.; Piazza, R.M.; Leao, S.C.; Ludovico, A.; Ludovico, M.S.; Dahbi, G.; Marzoa, J.; Mora, A.; Blanco, J.; et al.
Diversity of Shiga toxin-producing Escherichia coli in sheep flocks of Parana State, southern Brazil. Vet. Microbiol. 2015, 175,
150–156. [CrossRef] [PubMed]

133. Blanco, M.; Blanco, J.E.; Mora, A.; Rey, J.; Alonso, J.M.; Hermoso, M.; Hermoso, J.; Alonso, M.P.; Dahbi, G.; Gonzalez, E.A.; et al.
Serotypes, virulence genes, and intimin types of Shiga toxin (verotoxin)-producing Escherichia coli isolates from healthy sheep in
Spain. J. Clin. Microbiol. 2003, 41, 1351–1356. [CrossRef]

134. Persad, A.K.; Rajashekara, G.; LeJeune, J.T. Shiga toxin (stx) encoding genes in sheep and goats reared in Trinidad and Tobago.
PLoS ONE 2022, 17, e0277564. [CrossRef] [PubMed]

135. Brett, K.N.; Ramachandran, V.; Hornitzky, M.A.; Bettelheim, K.A.; Walker, M.J.; Djordjevic, S.P. stx1c Is the most common Shiga
toxin 1 subtype among Shiga toxin-producing Escherichia coli isolates from sheep but not among isolates from cattle. J. Clin.
Microbiol. 2003, 41, 926–936. [CrossRef] [PubMed]

136. Wani, S.A.; Hussain, I.; Fayaz, I.; Mir, M.A.; Nishikawa, Y. Subtype analysis of stx1, stx2 and eae genes in Shiga toxin-producing
Escherichia coli (STEC) and typical and atypical enteropathogenic E. coli (EPEC) from lambs in India. Vet. J. 2009, 182, 489–490.
[CrossRef]

137. Han, Y.; Liu, M.; Han, Y.; Shi, N.; Wang, Q.; Cui, T.; Yang, L.; Zhang, X.; Zhu, L.; Qian, H.; et al. Genetic and phylogenetic
characterization of Shiga toxin-producing Escherichia coli and enteropathogenic E. coli from livestock in Jiangsu by using whole-
genome sequencing. J. Appl. Microbiol. 2022, 132, 3925–3936. [CrossRef]

138. Espié, E.; Grimont, F.; Vaillant, V.; Montet, M.P.; Carle, I.; Bavai, C.; Valk, H.d.; Vernozy-Rozand, C. O148 Shiga toxin-producing
Escherichia coli outbreak: Microbiological investigation as a useful complement to epidemiological investigation. Clin. Microbiol.
Infect. 2006, 12, 992–998. [CrossRef] [PubMed]

139. Rowell, S.; King, C.; Jenkins, C.; Dallman, T.J.; Decraene, V.; Lamden, K.; Howard, A.; Featherstone, C.A.; Cleary, P. An outbreak
of Shiga toxin-producing Escherichia coli serogroup O157 linked to a lamb-feeding event. Epidemiol. Infect. 2016, 144, 2494–2500.
[CrossRef]

140. Yang, X.; Liu, Q.; Bai, X.; Hu, B.; Jiang, D.; Jiao, H.; Lu, L.; Fan, R.; Hou, P.; Matussek, A.; et al. High prevalence and persistence of
Escherichia coli strains producing Shiga toxin subtype 2k in Goat Herds. Microbiol. Spectr. 2022, 10, e0157122. [CrossRef]

141. Cortes, C.; De la Fuente, R.; Blanco, J.; Blanco, M.; Blanco, J.E.; Dhabi, G.; Mora, A.; Justel, P.; Contreras, A.; Sanchez, A.; et al.
Serotypes, virulence genes and intimin types of verotoxin-producing Escherichia coli and enteropathogenic E. coli isolated from
healthy dairy goats in Spain. Vet. Microbiol. 2005, 110, 67–76. [CrossRef] [PubMed]

142. Jajarmi, M.; Askari Badouei, M.; Imani Fooladi, A.A.; Ghanbarpour, R.; Ahmadi, A. Pathogenic potential of Shiga toxin-producing
Escherichia coli strains of caprine origin: Virulence genes, Shiga toxin subtypes, phylogenetic background and clonal relatedness.
BMC Vet. Res. 2018, 14, 97. [CrossRef]

143. Taghadosi, R.; Shakibaie, M.R.; Alizade, H.; Hosseini-Nave, H.; Askari, A.; Ghanbarpour, R. Serogroups, subtypes and virulence
factors of shiga toxin-producing Escherichia coli isolated from human, calves and goats in Kerman, Iran. Gastroenterol. Hepatol. Bed
Bench. 2018, 11, 60–67.

144. Wiriyaprom, R.; Ngasaman, R.; Kaewnoi, D.; Prachantasena, S. Prevalence and virulent gene profiles of sorbitol non-fermenting
Shiga toxin-producing Escherichia coli isolated from goats in southern Thailand. Trop. Med. Infect. Dis. 2022, 7, 357. [CrossRef]
[PubMed]

145. Mahanti, A.; Samanta, I.; Bandyopadhyay, S.; Joardar, S.N. Molecular characterization and antibiotic susceptibility pattern of
caprine Shiga toxin producing-Escherichia coli (STEC) isolates from India. Iran. J. Vet. Res. 2015, 16, 31–35.

https://doi.org/10.1128/jcm.31.9.2483-2488.1993
https://www.ncbi.nlm.nih.gov/pubmed/8408571
https://doi.org/10.1128/AEM.01384-21
https://www.ncbi.nlm.nih.gov/pubmed/34644161
https://doi.org/10.1046/j.1365-2672.2003.01964.x
https://www.ncbi.nlm.nih.gov/pubmed/12807458
https://doi.org/10.1007/s11250-020-02245-2
https://doi.org/10.1016/j.smallrumres.2010.05.014
https://doi.org/10.1080/00480169.2006.36616
https://doi.org/10.1046/j.1365-2672.1999.00556.x
https://doi.org/10.1177/104063879901100619
https://doi.org/10.1016/j.vetmic.2014.11.003
https://www.ncbi.nlm.nih.gov/pubmed/25465174
https://doi.org/10.1128/JCM.41.4.1351-1356.2003
https://doi.org/10.1371/journal.pone.0277564
https://www.ncbi.nlm.nih.gov/pubmed/36378686
https://doi.org/10.1128/JCM.41.3.926-936.2003
https://www.ncbi.nlm.nih.gov/pubmed/12624011
https://doi.org/10.1016/j.tvjl.2008.07.017
https://doi.org/10.1111/jam.15494
https://doi.org/10.1111/j.1469-0691.2006.01468.x
https://www.ncbi.nlm.nih.gov/pubmed/16961636
https://doi.org/10.1017/S0950268816001229
https://doi.org/10.1128/spectrum.01571-22
https://doi.org/10.1016/j.vetmic.2005.06.009
https://www.ncbi.nlm.nih.gov/pubmed/16054307
https://doi.org/10.1186/s12917-018-1407-2
https://doi.org/10.3390/tropicalmed7110357
https://www.ncbi.nlm.nih.gov/pubmed/36355899


Microorganisms 2024, 12, 687 24 of 26

146. Ndegwa, E.; O’Brien, D.; Matthew, K.; Wang, Z.; Kim, J. Shiga toxin subtypes, serogroups, phylogroups, RAPD genotypic
diversity, and select virulence markers of Shiga-toxigenic Escherichia coli strains from goats in mid-atlantic US. Microorganisms
2022, 10, 1842. [CrossRef] [PubMed]

147. Asakura, H.; Makino, S.; Shirahata, T.; Tsukamoto, T.; Kurazono, H.; Ikeda, T.; Takeshi, K. Detection and genetical characterization
of Shiga toxin-producing Escherichia coli from wild deer. Microbiol. Immunol. 1998, 42, 815–822. [CrossRef]

148. Dias, D.; Costa, S.; Fonseca, C.; Barauna, R.; Caetano, T.; Mendo, S. Pathogenicity of Shiga toxin-producing Escherichia coli (STEC)
from wildlife: Should we care? Sci. Total Environ. 2022, 812, 152324. [CrossRef]

149. Eggert, M.; Stuber, E.; Heurich, M.; Fredriksson-Ahomaa, M.; Burgos, Y.; Beutin, L.; Martlbauer, E. Detection and characterization
of Shiga toxin-producing Escherichia coli in faeces and lymphatic tissue of free-ranging deer. Epidemiol. Infect. 2013, 141, 251–259.
[CrossRef]

150. Frank, E.; Bonke, R.; Drees, N.; Heurich, M.; Martlbauer, E.; Gareis, M. Shiga toxin-producing Escherichia coli (STEC) shedding in a
wild roe deer population. Vet. Microbiol. 2019, 239, 108479. [CrossRef]

151. Lauzi, S.; Luzzago, C.; Chiani, P.; Michelacci, V.; Knijn, A.; Pedrotti, L.; Corlatti, L.; Buccheri Pederzoli, C.; Scavia, G.; Morabito, S.;
et al. Free-ranging red deer (Cervus elaphus) as carriers of potentially zoonotic Shiga toxin-producing Escherichia coli. Transbound
Emerg. Dis. 2022, 69, 1902–1911. [CrossRef]

152. Szczerba-Turek, A.; Chierchia, F.; Socha, P.; Szweda, W. Shiga toxin-producing Escherichia coli in faecal samples from wild
ruminants. Animals 2023, 13, 901. [CrossRef]

153. Szczerba-Turek, A.; Kordas, B. Fallow deer (Dama dama) as a reservoir of Shiga toxin-producing Escherichia coli (STEC). Animals
2020, 10, 881. [CrossRef] [PubMed]

154. Kabeya, H.; Sato, S.; Oda, S.; Kawamura, M.; Nagasaka, M.; Kuranaga, M.; Yokoyama, E.; Hirai, S.; Iguchi, A.; Ishihara, T.; et al.
Characterization of Shiga toxin-producing Escherichia coli from feces of sika deer (Cervus nippon) in Japan using PCR binary typing
analysis to evaluate their potential human pathogenicity. J. Vet. Med. Sci. 2017, 79, 834–841. [CrossRef] [PubMed]

155. Hofer, E.; Cernela, N.; Stephan, R. Shiga toxin subtypes associated with Shiga toxin-producing Escherichia coli strains isolated
from red deer, roe deer, chamois, and ibex. Foodborne Pathog. Dis. 2012, 9, 792–795. [CrossRef]

156. Ahn, C.K.; Russo, A.J.; Howell, K.R.; Holt, N.J.; Sellenriek, P.L.; Rothbaum, R.J.; Beck, A.M.; Luebbering, L.J.; Tarr, P.I. Deer
sausage: A newly identified vehicle of transmission of Escherichia coli O157:H7. J. Pediatr. 2009, 155, 587–589. [CrossRef] [PubMed]

157. Rounds, J.M.; Rigdon, C.E.; Muhl, L.J.; Forstner, M.; Danzeisen, G.T.; Koziol, B.S.; Taylor, C.; Shaw, B.T.; Short, G.L.; Smith,
K.E. Non-O157 Shiga toxin-producing Escherichia coli associated with venison. Emerg. Infect. Dis. 2012, 18, 279–282. [CrossRef]
[PubMed]

158. Waddell, T.E.; Coomber, B.L.; Gyles, C.L. Localization of potential binding sites for the edema disease verotoxin (VT2e) in pigs.
Can. J. Vet. Res. 1998, 62, 81–86.

159. Beutin, L.; Kruger, U.; Krause, G.; Miko, A.; Martin, A.; Strauch, E. Evaluation of major types of Shiga toxin 2E-producing
Escherichia coli bacteria present in food, pigs, and the environment as potential pathogens for humans. Appl. Environ. Microbiol.
2008, 74, 4806–4816. [CrossRef]

160. Mallorquí, J.; Simon-Grifé, M.; Ferrer-Soler, L.; Roca, M.; March, R.; Sitjà, M. Reduced mortality and morbidity associated with
verotoxin 2e-induced edema disease in pigs using a recombinant verotoxin 2e vaccine. J. Swine Health Prod. 2018, 26, 253–261.
[CrossRef]

161. Meng, Q.; Bai, X.; Zhao, A.; Lan, R.; Du, H.; Wang, T.; Shi, C.; Yuan, X.; Bai, X.; Ji, S.; et al. Characterization of Shiga toxin-producing
Escherichia coli isolated from healthy pigs in China. BMC Microbiol. 2014, 14, 5. [CrossRef] [PubMed]

162. Kaufmann, M.; Zweifel, C.; Blanco, M.; Blanco, J.E.; Blanco, J.; Beutin, L.; Stephan, R. Escherichia coli O157 and non-O157 Shiga
toxin-producing Escherichia coli in fecal samples of finished pigs at slaughter in Switzerland. J. Food Prot. 2006, 69, 260–266.
[CrossRef] [PubMed]

163. Chapman, P.A.; Siddons, C.A.; Gerdan Malo, A.T.; Harkin, M.A. A 1-year study of Escherichia coli O157 in cattle, sheep, pigs and
poultry. Epidemiol. Infect. 1997, 119, 245–250. [CrossRef] [PubMed]

164. Ateba, C.N.; Mbewe, M. Detection of Escherichia coli O157:H7 virulence genes in isolates from beef, pork, water, human and
animal species in the northwest province, South Africa: Public health implications. Res. Microbiol. 2011, 162, 240–248. [CrossRef]
[PubMed]

165. Baranzoni, G.M.; Fratamico, P.M.; Gangiredla, J.; Patel, I.; Bagi, L.K.; Delannoy, S.; Fach, P.; Boccia, F.; Anastasio, A.; Pepe, T.
Characterization of Shiga toxin subtypes and virulence genes in porcine Shiga toxin-producing Escherichia coli. Front. Microbiol.
2016, 7, 574. [CrossRef]

166. Remfry, S.E.; Amachawadi, R.G.; Shi, X.; Bai, J.; Tokach, M.D.; Dritz, S.S.; Goodband, R.D.; Derouchey, J.M.; Woodworth,
J.C.; Nagaraja, T.G. Shiga toxin-producing Escherichia coli in feces of finisher pigs: Isolation, identification, and public health
implications of major and minor serogroupsdagger. J. Food Prot. 2021, 84, 169–180. [CrossRef]

167. Arancia, S.; Iurescia, M.; Lorenzetti, S.; Stravino, F.; Buccella, C.; Caprioli, A.; Franco, A.; Battisti, A.; Morabito, S.; Tozzoli, R.
Detection and isolation of Shiga toxin-producing Escherichia coli (STEC) strains in caecal samples from pigs at slaughter in Italy.
Vet. Med. Sci. 2019, 5, 462–469. [CrossRef] [PubMed]

168. Conedera, G.; Mattiazzi, E.; Russo, F.; Chiesa, E.; Scorzato, I.; Grandesso, S.; Bessegato, A.; Fioravanti, A.; Caprioli, A. A family
outbreak of Escherichia coli O157 haemorrhagic colitis caused by pork meat salami. Epidemiol. Infect. 2007, 135, 311–314. [CrossRef]
[PubMed]

https://doi.org/10.3390/microorganisms10091842
https://www.ncbi.nlm.nih.gov/pubmed/36144444
https://doi.org/10.1111/j.1348-0421.1998.tb02356.x
https://doi.org/10.1016/j.scitotenv.2021.152324
https://doi.org/10.1017/S0950268812000246
https://doi.org/10.1016/j.vetmic.2019.108479
https://doi.org/10.1111/tbed.14178
https://doi.org/10.3390/ani13050901
https://doi.org/10.3390/ani10050881
https://www.ncbi.nlm.nih.gov/pubmed/32438625
https://doi.org/10.1292/jvms.16-0568
https://www.ncbi.nlm.nih.gov/pubmed/28320988
https://doi.org/10.1089/fpd.2012.1156
https://doi.org/10.1016/j.jpeds.2009.02.051
https://www.ncbi.nlm.nih.gov/pubmed/19773004
https://doi.org/10.3201/eid1802.110855
https://www.ncbi.nlm.nih.gov/pubmed/22305114
https://doi.org/10.1128/AEM.00623-08
https://doi.org/10.54846/jshap/1051
https://doi.org/10.1186/1471-2180-14-5
https://www.ncbi.nlm.nih.gov/pubmed/24393167
https://doi.org/10.4315/0362-028X-69.2.260
https://www.ncbi.nlm.nih.gov/pubmed/16496563
https://doi.org/10.1017/S0950268897007826
https://www.ncbi.nlm.nih.gov/pubmed/9363024
https://doi.org/10.1016/j.resmic.2010.11.008
https://www.ncbi.nlm.nih.gov/pubmed/21272634
https://doi.org/10.3389/fmicb.2016.00574
https://doi.org/10.4315/JFP-20-329
https://doi.org/10.1002/vms3.175
https://www.ncbi.nlm.nih.gov/pubmed/31124305
https://doi.org/10.1017/S0950268806006807
https://www.ncbi.nlm.nih.gov/pubmed/17291366


Microorganisms 2024, 12, 687 25 of 26

169. Trotz-Williams, L.A.; Mercer, N.J.; Walters, J.M.; Maki, A.M.; Johnson, R.P. Pork implicated in a Shiga toxin-producing Escherichia
coli O157:H7 outbreak in Ontario, Canada. Can. J. Public Health 2012, 103, e322–e326. [CrossRef]

170. Sonntag, A.K.; Bielaszewska, M.; Mellmann, A.; Dierksen, N.; Schierack, P.; Wieler, L.H.; Schmidt, M.A.; Karch, H. Shiga toxin
2e-producing Escherichia coli isolates from humans and pigs differ in their virulence profiles and interactions with intestinal
epithelial cells. Appl. Environ. Microbiol. 2005, 71, 8855–8863. [CrossRef]

171. Thomas, A.; Cheasty, T.; Chart, H.; Rowe, B. Isolation of Vero cytotoxin-producing Escherichia coli serotypes O9ab:H- and
O101:H-carrying VT2 variant gene sequences from a patient with haemolytic uraemic syndrome. Eur. J. Clin. Microbiol. Infect. Dis.
1994, 13, 1074–1076. [CrossRef] [PubMed]

172. Hsu, T.-T.D.; Rea, C.L.; Yu, Z.; Lee, J. Prevalence and diversity of Shiga toxin genes in Canada geese and water in western Lake
Erie Region. J. Great Lakes Res. 2016, 42, 476–481. [CrossRef]

173. Kobayashi, H.; Pohjanvirta, T.; Pelkonen, S. Prevalence and characteristics of intimin- and Shiga toxin-producing Escherichia coli
from gulls, pigeons and broilers in Finland. J. Vet. Med. Sci. 2002, 64, 1071–1073. [CrossRef] [PubMed]

174. Wallace, J.S.; Cheasty, T.; Jones, K. Isolation of vero cytotoxin-producing Escherichia coli O157 from wild birds. J. Appl. Microbiol.
1997, 82, 399–404. [CrossRef]

175. Kijima-Tanaka, M.; Ishihara, K.; Kojima, A.; Morioka, A.; Nagata, R.; Kawanishi, M.; Nakazawa, M.; Tamura, Y.; Takahashi, T. A
national surveillance of Shiga toxin-producing Escherichia coli in food-producing animals in Japan. J. Vet. Med. B Infect. Dis. Vet.
Public Health 2005, 52, 230–237. [CrossRef]

176. Trung, N.V.; Nhung, H.N.; Carrique-Mas, J.J.; Mai, H.H.; Tuyen, H.T.; Campbell, J.; Nhung, N.T.; Van Minh, P.; Wagenaar, J.A.;
Mai, N.T.; et al. Colonization of Enteroaggregative Escherichia coli and Shiga toxin-producing Escherichia coli in chickens and
humans in southern Vietnam. BMC Microbiol. 2016, 16, 208. [CrossRef] [PubMed]

177. Morabito, S.; Dell’Omo, G.; Agrimi, U.; Schmidt, H.; Karch, H.; Cheasty, T.; Caprioli, A. Detection and characterization of Shiga
toxin-producing Escherichia coli in feral pigeons. Vet. Microbiol. 2001, 82, 275–283. [CrossRef] [PubMed]

178. Grossmann, K.; Weniger, B.; Baljer, G.; Brenig, B.; Wieler, L.H. Racing, ornamental and city pigeons carry shiga toxin producing
Escherichia coli (STEC) with different Shiga toxin subtypes, urging further analysis of their epidemiological role in the spread of
STEC. Berl. Munch. Tierarztl. Wochenschr. 2005, 118, 456–463.

179. Farooq, S.; Hussain, I.; Mir, M.A.; Bhat, M.A.; Wani, S.A. Isolation of atypical enteropathogenic Escherichia coli and Shiga toxin 1
and 2f-producing Escherichia coli from avian species in India. Lett. Appl. Microbiol. 2009, 48, 692–697. [PubMed]

180. Pedersen, K.; Clark, L.; Andelt, W.F.; Salman, M.D. Prevalence of Shiga toxin–producing Escherichia coil and salmonella enterica in
rock pigeons captured in fort collins, Colorado. J. Wildl. Dis. 2006, 42, 46–55. [CrossRef]

181. Murakami, K.; Etoh, Y.; Ichihara, S.; Maeda, E.; Takenaka, S.; Horikawa, K.; Narimatsu, H.; Kawano, K.; Kawamura, Y.; Ito, K.
Isolation and characteristics of Shiga toxin 2f-producing Escherichia coli among pigeons in Kyushu, Japan. PLoS ONE 2014, 9,
e86076. [CrossRef] [PubMed]

182. Askari Badouei, M.; Zahraei Salehi, T.; Koochakzadeh, A.; Kalantari, A.; Tabatabaei, S. Molecular characterization, genetic
diversity and antibacterial susceptibility of Escherichia coli encoding Shiga toxin 2f in domestic pigeons. Lett. Appl. Microbiol. 2014,
59, 370–376. [CrossRef] [PubMed]

183. Friesema, I.H.; Keijzer-Veen, M.G.; Koppejan, M.; Schipper, H.S.; van Griethuysen, A.J.; Heck, M.E.; van Pelt, W. Hemolytic
uremic syndrome associated with Escherichia coli O8:H19 and Shiga toxin 2f gene. Emerg. Infect. Dis. 2015, 21, 168–169. [CrossRef]
[PubMed]

184. Grande, L.; Michelacci, V.; Bondi, R.; Gigliucci, F.; Franz, E.; Badouei, M.A.; Schlager, S.; Minelli, F.; Tozzoli, R.; Caprioli, A.; et al.
Whole-genome characterization and strain comparison of VT2f-Producing Escherichia coli causing hemolytic uremic syndrome.
Emerg. Infect. Dis. 2016, 22, 2078–2086. [CrossRef] [PubMed]

185. Friesema, I.; van der Zwaluw, K.; Schuurman, T.; Kooistra-Smid, M.; Franz, E.; van Duynhoven, Y.; van Pelt, W. Emergence of
Escherichia coli encoding Shiga toxin 2f in human Shiga toxin-producing E. coli (STEC) infections in the Netherlands, January 2008
to December 2011. Eurosurveillance 2014, 19, 20787. [CrossRef]

186. Martin, C.C.; Svanevik, C.S.; Lunestad, B.T.; Sekse, C.; Johannessen, G.S. Isolation and characterisation of Shiga toxin-producing
Escherichia coli from Norwegian bivalves. Food Microbiol. 2019, 84, 103268. [CrossRef]

187. Chandran, A.; Mazumder, A. Prevalence of diarrhea-associated virulence genes and genetic diversity in Escherichia coli isolates
from fecal material of various animal hosts. Appl. Environ. Microbiol. 2013, 79, 7371–7380. [CrossRef] [PubMed]

188. Dipineto, L.; Gargiulo, A.; Russo, T.P.; De Luca Bossa, L.M.; Borrelli, L.; d’Ovidio, D.; Sensale, M.; Menna, L.F.; Fioretti, A. Survey
of Escherichia coli O157 in captive frogs. J. Wildl. Dis. 2010, 46, 944–946. [CrossRef]

189. Lengacher, B.; Kline, T.R.; Harpster, L.; Williams, M.L.; Lejeune, J.T. Low prevalence of Escherichia coli O157:H7 in horses in Ohio,
USA. J. Food Prot. 2010, 73, 2089–2092. [CrossRef]

190. Pritchard, G.C.; Smith, R.; Ellis-Iversen, J.; Cheasty, T.; Willshaw, G.A. Verocytotoxigenic Escherichia coli O157 in animals on public
amenity premises in England and Wales, 1997 to 2007. Vet. Rec. 2009, 164, 545–549. [CrossRef]

191. Erickson, M.C.; Doyle, M.P. Food as a vehicle for transmission of Shiga toxin-producing Escherichia coli. J. Food Prot. 2007, 70,
2426–2449. [CrossRef] [PubMed]

https://doi.org/10.1007/BF03404434
https://doi.org/10.1128/AEM.71.12.8855-8863.2005
https://doi.org/10.1007/BF02111832
https://www.ncbi.nlm.nih.gov/pubmed/7889973
https://doi.org/10.1016/j.jglr.2015.12.003
https://doi.org/10.1292/jvms.64.1071
https://www.ncbi.nlm.nih.gov/pubmed/12499699
https://doi.org/10.1046/j.1365-2672.1997.00378.x
https://doi.org/10.1111/j.1439-0450.2005.00852.x
https://doi.org/10.1186/s12866-016-0827-z
https://www.ncbi.nlm.nih.gov/pubmed/27612880
https://doi.org/10.1016/S0378-1135(01)00393-5
https://www.ncbi.nlm.nih.gov/pubmed/11470548
https://www.ncbi.nlm.nih.gov/pubmed/19413811
https://doi.org/10.7589/0090-3558-42.1.46
https://doi.org/10.1371/journal.pone.0086076
https://www.ncbi.nlm.nih.gov/pubmed/24465879
https://doi.org/10.1111/lam.12288
https://www.ncbi.nlm.nih.gov/pubmed/24863542
https://doi.org/10.3201/eid2101.140515
https://www.ncbi.nlm.nih.gov/pubmed/25532030
https://doi.org/10.3201/eid2212.160017
https://www.ncbi.nlm.nih.gov/pubmed/27584691
https://doi.org/10.2807/1560-7917.ES2014.19.17.20787
https://doi.org/10.1016/j.fm.2019.103268
https://doi.org/10.1128/AEM.02653-13
https://www.ncbi.nlm.nih.gov/pubmed/24056456
https://doi.org/10.7589/0090-3558-46.3.944
https://doi.org/10.4315/0362-028X-73.11.2089
https://doi.org/10.1136/vr.164.18.545
https://doi.org/10.4315/0362-028X-70.10.2426
https://www.ncbi.nlm.nih.gov/pubmed/17969631


Microorganisms 2024, 12, 687 26 of 26

192. Boisen, N.; Hansen, A.M.; Melton-Celsa, A.R.; Zangari, T.; Mortensen, N.P.; Kaper, J.B.; O’Brien, A.D.; Nataro, J.P. The presence of
the pAA plasmid in the German O104:H4 Shiga toxin type 2a (Stx2a)-producing enteroaggregative Escherichia coli strain promotes
the translocation of Stx2a across an epithelial cell monolayer. J. Infect. Dis. 2014, 210, 1909–1919. [CrossRef] [PubMed]

193. Feng, P.C.; Reddy, S. Prevalences of Shiga toxin subtypes and selected other virulence factors among Shiga-toxigenic Escherichia
coli strains isolated from fresh produce. Appl. Environ. Microbiol. 2013, 79, 6917–6923. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/infdis/jiu399
https://www.ncbi.nlm.nih.gov/pubmed/25038258
https://doi.org/10.1128/AEM.02455-13
https://www.ncbi.nlm.nih.gov/pubmed/23995936

	Introduction 
	Classification of Stx1 and Stx2 Subtypes 
	Discovery History of Stx Subtypes 
	Stx1 Subtypes 
	Stx2 Subtypes 

	Prevalence and Disease Severity of Different Stx Subtypes in Humans 
	Stx Subtyping Approaches 

	Shiga-Toxin-Producing Bacteria 
	Shigella spp. 
	Escherichia coli 
	Citrobacter spp. 
	Enterobacter cloacae 
	Aeromonas spp. 
	Other Bacteria 

	Host Distribution Patterns of Different Stx Subtypes 
	Cattle 
	Sheep 
	Goat 
	Deer 
	Swine 
	Birds 
	Other Animals 
	Foods 

	Conclusions 
	References

