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Abstract: Shiga-toxin-producing Escherichia coli (STEC) is a food-borne pathogen that causes human
gastrointestinal infections across the globe, leading to kidney failure or even death in severe cases.
E. coli are commensal members of humans and animals’ (cattle, bison, and pigs) guts, however,
may acquire Shiga-toxin-encoded phages. This acquisition or colonization by STEC may lead to
dysbiosis in the intestinal microbial community of the host. Wildlife and livestock animals can be
asymptomatically colonized by STEC, leading to pathogen shedding and transmission. Furthermore,
there has been a steady uptick in new STEC variants representing various serotypes. These, along
with hybrids of other pathogenic E. coli (UPEC and ExPEC), are of serious concern, especially when
they possess enhanced antimicrobial resistance, biofilm formation, etc. Recent studies have reported
these in the livestock and food industry with minimal focus on wildlife. Disturbed natural habitats
and changing climates are increasingly creating wildlife reservoirs of these pathogens, leading to
a rise in zoonotic infections. Therefore, this review comprehensively surveyed studies on STEC
prevalence in livestock and wildlife hosts. We further present important microbial and environmental
factors contributing to STEC spread as well as infections. Finally, we delve into potential strategies
for limiting STEC shedding and transmission.
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1. Introduction

Shiga toxin-producing Escherichia coli (STEC) is a pathotype of Escherichia coli (E. coli)
capable of causing serious ailments in humans and is estimated to cause 3890 fatal cases
annually worldwide [1]. Although E. coli is a member of the natural gut flora of humans
and animals, some pathotypes can cause ailments, including diarrhea, bloody diarrhea or
hemorrhagic colitis (HC), kidney failure, or hemolytic uremic syndrome (HUS), and may be
fatal in severe cases [2,3]. In addition, thrombotic thrombocytopenic purpura, a rare blood
disease that occurs due to circulating Shiga toxin (Stx) leading to small blood clots, can also
result from STEC infection in humans [4,5]. Overall, STEC causes 2,801,000 acute infections
worldwide each year, with a greater proportion of instances (N = 809,000) in children below
the age of 4, leading to $280 million in damage to the US healthcare industry [1,3]. New-
borns and toddlers are especially at risk from STEC compared to healthy adults [6]. Even
though the most common route of STEC infection is the consumption of undercooked meat
and its products [7,8], it can be transferred from the mother’s gastrointestinal tract (GIT) to
the child, as they are primary caregivers [9]. Additionally, contact with animals colonized
with STEC has been reported to cause approximately one tenth of infections [10]. This
bacterial pathogen asymptomatically colonizes the GIT of ruminants—such as cows, deer,
and sheep, to name a few—and can be transmitted via zoonosis (Figure 1) [11,12]. Fecal-
oral, food-borne, environmental, and person-to-person are all reported possible routes of
STEC transmission (Figure 1) [8,13]. STEC asymptomatically colonizes adult ruminants,
but may cause diarrhea in calves at a very low dosage [14,15]. STEC in ruminants can
be passed to humans through beef during its processing and transport [16]. STEC is also
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responsible for huge economic loss in the meat processing industry, leading to two recalls in
2021 amounting to a loss of 300,096 pounds of meat [17]. There were also similar multiple
contamination events in 2022 that led to multiple recalls of ground beef products [16,18,19].
Similarly, in post-weaned piglets, STEC-carrying Stx2e can cause edema disease (ED), a
neurological disease resulting in high swine mortality [20,21]. ED affects fast-growing pigs,
which leads to significant financial losses in the swine industry [20,21].
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Figure 1. STEC transmission between livestock and wildlife reservoirs in the environment. (A) STEC
(B) livestock are reservoirs of STEC and can shed the bacteria through contact with small mammals,
bord and animal vectors; (C) wildlife can come in contact with vectors, harbor and spread STEC
through (D) shedding via feces and (E) during meat processing. (F) Humans can also get infected
by consuming STEC-infected meat and other animal products or (G) through direct contact with
STEC-laden feces. All of these can lead to disease outbreaks of hemorrhagic colitis and hemolytic
uremic syndrome in humans. (H) STEC can also spread from one human to another through contact.
(I) STEC-laden feces can be washed into waterways that are (J) routinely utilized by other animals
and for agricultural practices.

Due to dwindling natural areas, there is increased interaction between wild animals,
humans, and domestic animals. This gives rise to the potential for transmission through
either direct contact or fecal contamination of agriculture or game meat [22]. STEC can
colonize both domestic and wild animals (e.g., deer, elk, sheep, boar, buffalo, goats, and fox)
and shed from the animal during defecation [12,23,24]. These animals that shed bacteria
through feces are known as shedders and can shed in the range of 10 to 10° CFU/g (colony-
forming units per gram) [25]. The animals that shed more than 10* CFU/g are categorized
as super-shedders and are responsible for transmitting to the entire herd through the fecal—-
oral route [25-27]. These super-shedders may also be responsible for transmission events
across herds and animal species by contaminating water sources [27,28].

STEC can also evolve to colonize a new host or develop better transmission and envi-
ronmental survival strategies [29,30]. Furthermore, due to increased interaction between
reservoirs of STEC and humans, outbreaks and sporadic cases are becoming more common.
Therefore, there is an increase in the incidence of zoonotic diseases, which requires a “One
Health” approach. The One Health approach aims to sustainably regulate and optimize the
health of humans, animals, and the ecosystem they reside in by addressing the demand for
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clean and nutritious food, water, and air [31]. This strategy mobilizes numerous sectors,
disciplines, and communities at various societal levels to form collaborations to promote
well-being and address risks to human health and ecosystems [31]. STEC is an important
pathogen that must be addressed under One Health research due to its presence in various
niches in the ecosystem. The goal of this review is to comprehensively compile bacterial,
host, and environmental factors important for the transmission and infection of STEC. We
further provide recommendations for checking STEC colonization in ruminants to help
mitigate super-shedding events.

2. Virulence Factors Associated with STEC

STEC utilizes various virulence strategies to survive and proliferate in reservoir hosts
as well as humans. In the section below, we summarize bacterial virulence factors that
are important for STEC pathogenesis. STEC carries major virulence and antimicrobial
resistance genes on mobile genetic elements that are important for pathogenesis. These
virulence factors, therefore, can be shared through horizontal gene transfer (HGT), leading
to the emergence of newer virulence strategies and pathotypes (Figure 1) [32]. Therefore,
STEC outbreak detection requires systematic surveillance of these virulence genes.

2.1. Virulence Factors Important for Adherence and Colonization

The primary virulence factor for colonization, intimin, is encoded by the eae gene. This
gene is essential for close bacterial adherence to epithelial cells, which results in “attaching
and effacing” (A/E) histopathological lesions [33]. The ege gene is located in the locus
of enterocyte effacement (LEE), a large pathogenicity island, which also encodes for the
Type III secretion system (T3SS) responsible for A/E lesions on intestinal cells [34,35].
The T3SS secretes bacterial LEE and non-LEE effectors into the host cell, which leads to
hemolysis, cytotoxicity, iron sequestration, destruction of microvilli, inhibition of apoptosis,
and interference with inflammatory signaling pathways (inhibition of phagocytosis (EspF,
EspH, and Esp]) [36]. A subset of STECs that are LEE-negative have loci of adhesion
and autoaggregation (LAA), another pathogenicity island, that promotes colonization and
infections in humans [37,38]. These, LEE-negative STECs therefore are able to utilize other
forms of adhesion, including the aggregative adherence fimbriae (AAFs), regulated by
aggR [39,40]; autoagglutinating adhesin (saa) [41], a plasmid-encoded enterohemolysin
ehxa [42]; and the autotransporter gene sab, which is involved in biofilm formation [43].
Colonization of STEC in livestock animals and its shedding is dependent on various
factors, such as host genetics, age, diet intake, and diversity and richness of the intestinal
microbiome [44,45]. STEC shedding in colonized beef calves was negatively correlated to
animal maturity, and shedding was more likely to occur during the first six months [44].
Once ingested, STEC manages to survive the low-pH and oxygen environment of the
rumen and passes into the recto-anal junction (RAJ) for colonization [46]. Two adhesin
genes have been described in STEC extensively, namely efal and eibG. These genes aid in
colonization at the RAJ [47]. The protein Efal was found to be essential for STEC to adhere
to bovine epithelial cells, leading to colonization and subsequent shedding [48,49]. Another
adhesin EibG (E. coli), immunoglobulin-binding protein G, aids in bacterial adhesion to
epithelial cells [50]. Flagellin (fliC) and Lon protease (lon) help in bacterial movement and
survival while in bacteriostatic conditions due to antibacterial agents [51]. A novel Type V
secreted protein called extracellular serine protease (espP) has also been found to positively
influence the adherence of STEC to the bovine colon mucosa [52].

2.2. Shiga Toxins Important for Pathogenesis

The main virulence factor of STEC is the Shiga toxin (stx) gene encoded on temperate
bacteriophages (Stx phages) that causes HUS and HC [34,53-55]. Stx is an AB5 toxin that
affects the host’s microvascular endothelial cell surfaces of the kidney, intestine, and brain
in humans. Globotriaosylceramide (Gb3) receptors that have an affinity for the pentameric
B subunit are expressed on the surface of these organs [56]. Upon attachment, the A subunit
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is released into the host cell cytoplasm, where it binds to the 28S RNA of the 60S ribosomal
subunit. This leads to the inhibition of protein synthesis and apoptosis [2,53,56-58]. Based
on the type of stx gene encoded by the phages, they are characterized either as Stx1 or Stx2
phages. STEC exhibit differences in virulence based on the stx phage type present. For
instance, Stx2-carrying strains were reported to be more virulent and more frequently linked
to HUS than strains carrying only Stx1 or both Stx1 and Stx2 phages [34]. Furthermore,
Stx1 phages (7.6%) have been reported to be outnumbered by Stx2-phagepositive (68.4%)
overall in samples from human and animal wastewater, feces, river water, soil, sludge, and
food [59,60]. Stx2 phages can be induced by stressors, such as antibiotics [55,61], whereas
Stx1 phages exhibit lower induction rates, which may explain the fewer free Stx1 phages in
the environment compared to Stx2 [55]. This implies there would be a higher chance of
acquiring a stx2 than a stx1 phage. Multiple variants of Stx1 (stxla, stxlc, and stx1d) and
5tx2 (stx2a, stx2b, stx2c, stx2d, stx2e, stx2f, and stx2g) have also been reported [62]. These
variants have been linked to differences in clinical outcomes and toxicity. For instance,
Stx2a was found to be more virulent than Stx1 with LDsj (in mice) at 6.5 ng compared to
>1000 ng of Stx1 [63]. Stx variants have also been similarly correlated with disease severity.
For instance, some stx2 subtypes—such as stx2a, stx2c, and stx2d—are frequently linked to a
higher risk of developing HUS, whereas others—such as stx2e, stx2b, stx2f, and stx2g—have
been linked to milder diseases [63-65].

2.3. Other Toxigenic Virulence Factors

In STEC, toxin production is also carried out by cdt-V (cytolethal distending toxin -V),
astA (EAST-1 toxin), subAB (subtilin toxin), and estA (ETEC thermo-stable toxin) [66,67].
Lipopolysaccharide (LPS), an endotoxin, activates the complement system through the
lectin pathway [68]. This leads to the production of the chemotactic anaphylatoxins C3a
and Cba, which can destroy the kidney and other internal organs [69]. This cascade further
leads to the activation of TNF-alpha, cytokines, and chemokines, triggering an acute
inflammatory response and host tissue damage [69,70].

2.4. Biofilms

STECs use ruminants as reservoirs, and their presence in livestock and food processing
factories has been well documented [71]. It has been proposed that STECs’ ability to form
biofilms on various surfaces is responsible for their transmission and persistence in food
processing facilities [72]. Biofilm, a key mechanism for bacterial survival, can be formed on
a wide range of solid surfaces by secreting various surface proteins and extracellular-matrix
components (EPS) [72]. An important protein, curli, forms proteinaceous extracellular fibers
that help in cell—cell interactions to support cell aggregation, biofilm formation, and host
colonization [73,74]. This was evident from the importance of curli fimbriae demonstrated
in STEC O157:H7 adhesion to bovine recto-anal epithelial cells [75], leafy greens, alfalfa
sprouts, and stainless steel [76,77]. Biofilm formation, dependent on the EPS components,
is highly regulated by at least six proteins encoded by the csgBA and csgDEFG operons and
various two-component systems (OmpR/EnvZ, CpxA/R, and Rcs) [74,78-81]. However,
genetic comparison between strong- and weak-biofilm-forming STEC differed through a
small number (between 0 and 13) of single nucleotide polymorphisms (SNP), indicating
high genetic similarity between strains colonizing livestock [27].

In livestock, biofilm has been implicated in STEC dispersal [28]; STEC isolated from
cattle have high capabilities of forming biofilm that can be sloughed off from the host’s
intestines, leading to super-shedding events [25,27]. These super-shedding events can lead
to the contamination of food, which results due to contact with livestock fecal matter [82].
Therefore, STEC has been isolated from contaminated vegetables, such as romaine lettuce,
lettuce, unpasteurized apple cider or juice, melon, spinach, radish sprouts, and alfalfa
sprouts [83,84]. Certain STEC strains possess biological mechanisms unique to their inter-
actions with lettuce leaves, including genes that could play a key role in biofilm formation
and regulation [85].
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In food processing facilities, biofilms are found on the floors, walls, pipelines, and
drains [86,87]. STEC can form biofilms on a wide range of materials, including stain-
less steel, aluminum, nylon, Teflon, rubber, plastic, glass, and polyurethane, which are
frequently used in food processing equipment [86]. As a result, animal-protein-related
products, such as ground beef, roast beef, ground bison, and salami, along with animal
fats and related products, such as raw milk, cheese, ice cream, and yogurt, have all been
recognized as carriers of STEC [88,89]. Furthermore, STEC is protected against sanitizing
treatments due to EPS generation [72]. When antimicrobial treatment is applied to the
biofilm, persister cells form which can tolerate high levels of antibacterial compounds [90].
These persister cells continue to form biofilms after the treatment has ceased through close
aggregation; they are transmitted between reservoirs and infect humans [90]. Therefore,
continuous molecular surveillance of STEC from various sources and fomites is imperative.
This will help in checking the proliferation and persistence of STEC to ultimately assist in
reducing transmission and infection rates.

3. Major Seropathotypes of STEC and Its Constituents

To date, more than 470 serogroups of E. coli have been found to carry genes that
encode for either Stx1, 2, or both [91,92]. STEC strains of the same serotype may still carry a
variety of virulence genes on mobile genetic components that can be lost or transferred [93].
Serotypes of STEC are defined by characterizing the somatic antigen (O) comprised of
O-side chain sugar molecules (Figure 2C) and the flagellar antigen (H) (Figure 2D) [94].
The variations in both O and H antigens determine the immunological specificity and aid
in pathogenesis [94,95]. For instance, peritrichous flagella on STEC cell surface have been
implicated in early biofilm formation by binding to bovine host proteins, such as mucins,
mucus, and extracellular matrix proteins, promoting colonization [96,97]. STEC serotypes
reported to be involved in disease outbreaks mainly include O157 and the non-O157
serotypes called the “Big six” (026, 045, 0103, O111, O121, and O145) [98]. Even though
STEC O157 has been historically related to outbreaks, recent trends have reported a higher
number of outbreaks originating from non-O157 serotypes [34]. Non-O157 serotypes have
developed as major enteric pathogens in nations such as Japan, Argentina, Chile, Germany,
Australia, the United States, Canada, and Ireland within the last 15 years [34,99-101]. In
this section, we report prevalent serotypes and their sources and implications.

3.1. Serotypes of STEC prevalent in Livestock

Livestock animals have been colonized with the majority of STEC serotypes isolated
to date. Consumption of beef is implicated as the second-most frequent cause of foodborne
outbreaks in the US [102]. Livestock raised for beef have been reported to harbor the big
six STEC serotypes (Table 1) [103,104]. STEC contamination has been found in numerous
samples of uncooked retail meat from animals raised for consumption in China, with 0128,
0176, and 091 found to be most prevalent [105]. In total, 373 livestock-associated STEC
serotypes have been found; 65 have been detected in HUS patients, while 62 cause other
human illnesses [103]. Various other serotypes—such as 02, O5, 08, 022, 091, 0171, O15,
0113, and O174—have been isolated from retail raw meat, livestock feces, and farms, which
also possess antibiotic resistance (Table 1) [28,34,105,106]. During a 2019 study EU, O13,
055, and 091 were the three most prevalent serogroups in fresh bovine meat [107]. The
serotypes that carry the stx gene and LEE encoding genes have been responsible for fatal
cases of hemolytic uremic syndrome in humans (Table 1) [34]. It is important to surveil
serotypes that can cause HUS in humans and have become prevalent in food sources in
multiple countries, such as O91 and O113 isolated in livestock [108,109]. Contact with
livestock or consuming beef or mutton has been associated with the highest rate of HUS
(37%) while infected by non-O157 STEC [110]. The feed used for raising poultry was found
to be spiked with various STEC serotypes, such as 026, 0103, O111, 0121, 0145, O157:H?7,
and several untypeable serotypes [111], showing potential STEC outbreak potential from
poultry farms. Livestock such as goats carry serogroups such as 093 with a newer variant
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of stx—stx2k—which has increased in prevalence over time [112]. Although results are not
clear on the severity of the stx2k toxin on humans, it could still cause disease outbreaks in
the future due to homology with other stx genes [113,114]. New emergent STEC serotypes,
such as 0145 from livestock, have become prevalent in some populations such as the UK
and have shown a higher frequencies of admittance due to infection than O157 along with
a higher HUS rate than O157 [115].

STEC O and H antigen structure
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Figure 2. Structure of antigens present on Shiga toxin E. coli (A) depiction of a STEC bacterium;
(B) gram-negative bacterial cell wall structure as present in STEC with the presence of various
polysaccharide, including lipopolysaccharide (LPS) on its surface; (C) Structure of LPS consists of
lipid A, core polysaccharide and O-antigen; (D) Strudcute of flagella s as found in gram-negative
bacteria such as STEC is made up of a motor, hook, and the flagellar H-antigen.

Table 1. STEC categorized by serotypes reported from various sources.

Serotypes Livestock Wildlife Agriculture Food Industry  Continental Prevalence Source
0157 + + + + EU, NA, SA, AS, AF [34,116-120]
Non-0157
(Big-6)
026 + + + + EU, NA, SA, AS, AF [34,116-122]
045 + + + + EU, NA, SA, AS, AF [116,117,123,124]
0103 + + + + EU, NA, SA, AS, AF [116,117,119,120,124]
o111 + + + EU, NA, SA, AS, AF [116,117,119,121,122,125]
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Table 1. Cont.

Serotypes Livestock Wildlife Agriculture Food Industry  Continental Prevalence Source
0121 + + + EU, NA, SA, AS, AF [116,120,123]
0145 + + + EU, NA, SA, AS, AF [34,116,117,119,120,124]
Other

Non-O157
0113 + + + EU, NA, SA, AS, AF [34,109,118,126]

02 + + + + EU, NA, SA, AS, AF [118,120,123,127]

05 + + EU, AF, AA,NA, SA [120,128]

08 + + + + NA, EU, SA, AS [34,118,120,121,123,127,129]
022 + + EU, NA, AS, SA [67,100,121,130]
091 + + + EU, NA, SA, AS, AF [34,119,121]

0171 + + EU, SA [34,131]

015 + + NA, SA [4,123]

0174 + + EU, SA [120,121,127]

STEC serotypes that were reported from various sources with more than 90% prevalence are included. Livestock
includes cattle, sheep, goats, poultry, etc. Wildlife includes red deer, wild boar, otters, mouflons, feral birds, and
red foxes. NA = North America, SA = South America, AF = Africa, AS = Asia, EU = Europe.

3.2. Serotypes of STEC in Wild Animals

Wild animals can play a major role as reservoirs and super-shedders of STEC in
nature [121,132]. STEC O157 has been isolated from wild deer species in multiple geo-
graphical locations [121,124,125]. Due to increased wildlife interactions with agricultural
land, products, and waste, there is potential for wildlife to become major STEC reservoirs.
It should be noted that different wildlife species also harbor lesser-known or studied STEC
serotypes [121,133]. Along with the top seven STEC serotypes, other non-O157 serotypes,
such as 02, 05, 08, 022, 0113, 091, and 0174, are some of the serotypes of STEC strains
isolated from wildlife animals (Table 1) [121]. The serogroup O8 was found to harbor a
variant of stx—stxf—first isolated from wild pigeons [134] as well as eae, which was able to
cause HUS in the Netherlands [135]. Human-neonatal-disease-causing serotypes, such as
0146, were found in deer meat in the EU in 2015 [9,136]. Wild boar meat, along with some
unspecified meat samples, were found positive for non-O157 STEC in the same year in the
EU [136]. More European studies found cultivatable non-O157 STEC serotypes, such as
027, 0146, and 0178, in 17% of wild animals, including antibiotic-resistant 0103 from red
foxes [137]. These serogroups also showed a closed evolutionary linkage between clinical
isolates of STEC, thus having a high potential to cause an outbreak [137]. Often, serotypes
isolated from wild animals have varied genetic makeups compared to their counterparts
in livestock, which leads to lower detection through conventional methods [64,65]. Sev-
eral other serotypes of STEC beyond the scope of this review occur in wildlife but with
varied prevalence.

3.3. Serotypes of STEC in Environment

Although STEC is pervasive in domestic and wild animals, open spaces, and agri-
cultural settings, certain serotypes have been reported in specific environments (Table 1).
Various environmental factors are responsible for the spread of STEC, and once shed by an
animal, it can survive for a long time in the environment [138]. In a study, STEC was de-
tectable in four beef cow barns from three different fairgrounds for a duration of 10 months
or more after the fair had ended [139]. Rainfall has the potential to wash agricultural waste
and effluents into water sources laden with STEC, which has the potential to infect different
hosts in numerous ways (Figure 1) [10]. Environmental STEC transmission can also happen
through contact with recreational water [140] or water used for aquaculture [122]. In fresh
fish, shellfish, and their ready-to-eat products sold in retail markets, investigations have
found both 0157 and non-O157 STEC (Table 1) [122,141]. STEC spreads in an agricultural
setting when contaminated water is used for agricultural irrigation. It can lead to contami-
nation of agricultural produce, such as spinach, lettuce, cilantro, and alfalfa sprouts, which
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leads to losses through callbacks of these products (Figure 1) [118]. STEC contamination in
agricultural produce and meat is becoming more common due to the increased incidence
of pathogenic serotypes, such as O113, in the environment [142]. The serotypes mentioned
in Table 1 have also been isolated from wildlife and environmental samples, making their
study a higher priority in the One Health approach.

4. Emerging STEC Serotypes

Due to the dynamic transmission of STEC between various reservoirs and genetic
variations due to constant selective pressure, there are several emerging STEC serotypes,
including the ones that were previously reported in a different host and environment.
These emerging serotypes often carry multi-drug-resistant genes [143,144]. From studies
conducted from 2016-2022, STEC non-O157—along with other emergent serotypes, such as
02, 05, 08, 015, 022, 091, 0113, 0171, and O174—has increased in prevalence in both
wildlife and livestock studies (Figure 3). STEC serotypes belonging to non-O157 (big six
and other prevalent serotypes listed in Table 1) and untyped serotypes have become more
prevalent over the last 5 years [29,66,67,130,132,145-152]. In an Argentine study, O174:H21,
0185:H7, O8:H19, O178:H19, and O130:H11 represented 42.5% of the isolates from beef
abattoirs [100]. The serotypes O2:H6, O5:HNM, O21:H21, O26:[H11], O36:H14, O110:H45,
0128:H2, O146:[H21], O146:[H28], O174:[H8], ONT:HNT [95,120], 0100, O97, 091, 0149,
092, 0102, and O34 are non-O157 serotypes prevalent in swine [147]. Stx phages have
been found to have high genetic similarity (81-100%) while infecting a wide range of
E. coli pathotypes and serotypes (02, O111, and O168) isolated from various sources (i.e.,
cattle, humans, and food) [114,142,153,154]. There are reports of the emergence of hybrid
strains carrying both STEC and enterotoxigenic E. coli (ETEC) virulence factors [113]. These
hybrids, along with stx2k, have heat-labile toxins (elt), making their pathogenic potential
severe [112,113]. In this section, we expand on various causes for emergence of new and
hypervirulent serotypes.

6%

non 0157

23%

non 0157

Wildlife

emerging
B 53%

Figure 3. Pie charts depicting combined global STEC prevalence in (A) livestock vs. (B) wildlife
animals and their surrounding based on serotype. Data are compiled from both groups and
include the prevalence of 0157, non-0157 (026, 045, 0103, O111, O121, O145), emerging
serotypes (0113, 02, O5, 08, 091, 0168, etc.), and untyped STEC serotypes. Data are based on
References [29,66,67,99-101,130,132,133,143,145-152,155-164].
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4.1. Wildlife as Food Choices (Game Meat)

The rising numbers of wild grazing mammals can hurt the environment and agricul-
ture through overgrazing [165]. A useful way to make use of wild animals as a natural
resource is through the marketing of game meat as a food source. Consumers that priori-
tize taste, nutritional value, and low fat content in the evaluation of products make up a
consumer group who may choose to eat game meat more frequently [166]. Wildlife hunted
for game meat, such as deer, elk, moose, and wildebeest, have been shown to harbor and
spread STEC. It becomes important that we keep hunters and game meat enthusiasts safe
from sporadic outbreaks from STEC. These interactions between disease-carrying wildlife
and recreational hunters will increase in the future. There are currently no guidelines
for the handling and consumption of free-range game meat in North America [167]. As
consumption of game meat increases in North America, this trend may increase the risk
of STEC and other foodborne illnesses for recreational hunters and others who consume
game meat [168].

4.2. Interspecies Transmission

STEC has been found and reported in newer host animals, although ruminants are
typically the main source of STEC pathotypes [34]. Bison and water buffalo also have been
implicated in harboring STEC [169,170]. Spillover hosts are secondary species that act as
a host when exposed to the STEC by close contact with ruminants or feeding supplies
contaminated with ruminant excrement [171]. They are generally transitory hosts of STEC
and harbor the organism through continuous reinfections from a super-shedder organism.
Livestock animals, such as sheep, goats, horses, and swine, are recognized as spillover
hosts [171-173]. STEC can contaminate water sources near livestock operations which in
certain instances are simultaneously utilized for aquaculture, leading to STEC transmission
in fisheries [141,174]. These findings support the hypotheses that fish and shellfish may
serve as STEC reservoirs or spillover hosts. Domestic and wild birds have also been
implicated in being carriers of STEC [175,176]. In a study conducted on a wide range of
wild birds, STEC and its virulence genes were found [176]. The birds access to large areas
and bird droppings can help spread STEC to newer host niches.

4.3. Rise in Antibiotic-Resistant Strains

An increase in STEC antibiotic resistance is another major issue that we are facing
currently. STEC resistant to various broad-spectrum antibiotics has been isolated from
livestock, wildlife sources, and the environment [30,67,177,178]. The use of antibiotic
growth promoters (AGPs) has further enhanced this problem of antibiotic resistance in
STEC. Since their initial proposal in 1946 for use as growth promoters in livestock [179],
AGPs have been administered to livestock at subtherapeutic concentrations to bolster
their growth rate and feed conversion efficiency [180-182]. As the livestock industry
expanded, so did the usage of AGPs for increased yield demands of meat [180]. Multi-
drug resistant STEC 0157 and non-O157 were isolated from cattle feces where AGPs were
used as feed additives [183-185]. Antibiotics such as ciprofloxacin (CIP), trimethoprim-
sulfamethoxazole, and fluoroquinolones can generate an SOS response in vitro in STEC
strains by targeting DNA synthesis [186,187]. This causes induction of the Stx phage and
enhanced Stx toxin production [187]. Due to this, there is a high possibility of the evolution
of non-pathogenic E. coli (i.e., non-STEC) to STEC in the intestines of cattle following
antibiotic treatment. Exposure to manure contaminated with leftover antibiotics is also
possible and may lead to the transduction of Stx-encoding phages and the acquisition of
antibiotic resistance [186]. There is a strong likelihood that these antibiotic-resistant strains
will enter the environment and eventually spread the resistance genes to nonpathogenic
environmental bacteria [182,183]. Further extended spectrum beta lactamase-producing
STEC have been observed at the highest concentrations in the soil near livestock, followed
by drinking water for the livestock and effluents from the farm [143]. Colistin (Polymyxin
E), a cationic polypeptide antibiotic that has historically been allowed for use in animals
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used for food due to the low resistance rates, has slowly become less effective in infected
animals and humans due to increased bacterial resistance [23,188]. Colistin resistance in
various bacteria has been discovered to be carried by a conjugative plasmid and is easily
transmissible between diverse bacterial populations [188]. Further studies demonstrated
that bacterial isolates detected in pigs have transferred this plasmid-based resistance to
other strains of bacteria [23,188-190].

Various clinical treatment approaches have been previously compiled for STEC in-
fections [191]. To treat STEC infections in humans, antibiotics such as rifaximin, fos-
fomycin, azithromycin, and meropenem are administered only in the early stages of in-
fection [192,193]. Antibiotics that target DNA synthesis can cause Stx phage induction
inside the host, leading to higher toxin production. Therefore, these antibiotics are not
recommended for treating STEC infections. Because STEC is subjected to the same selective
pressures in the host and environment as any other bacterium, antibiotic administration
may enhance antibiotic resistance among these foodborne pathogens [194]. For instance,
resistance to azithromycin may limit our ability to use therapeutic medicines to inhibit
STEC [195]. Alternatives to antibiotic treatments, such as phage therapy, might be an option
in the future [196,197].

5. Control of STEC Transmission

As noted in previous sections, STEC can be dynamically transmitted between various
sources and ultimately to humans. There are several checkpoints along this route that can be
controlled to prevent transmission and infection. For example, contact with either livestock
or their feces should be regarded as a potential source of STEC transmission, as they have
been linked to disease outbreaks [198]. In this section, we provide various measures that
can be taken to control STEC transmission between sources and, more importantly, between
livestock and wildlife. These measures are also important for limiting the proliferation of
emerging STEC serotypes and multi-drug-resistant strains.

5.1. Transmission Control in Livestock

Temperature, dietary changes, age, herd size, and access to wildlife have all been
correlated with STEC transmission and shedding in livestock [199]. Beef cattle have been
associated with higher shedding compared to dairy cattle [199]. Lactation was identified as
a stress factor correlated with higher STEC prevalence and shedding, especially in dairy
cattle [200]. Herd management incorporating proper hygiene and sanitizing chemical
treatment of animal effluents with enhanced precautions given to lactating cows may
lower the probability of STEC shedding and transmission. Diet is important for promoting
livestock health via mass gain and modulating pathogen colonization. The addition of
feed additives with proven antimicrobial properties, such as seaweed extract and Tasco-14,
has lowered the incidence of STEC O157 in cattle feces and hide [201]. Therefore, dietary
supplements that focus not only on mass gain but also on reduced pathogen colonization
and shedding should be administered in farm-raised animals. To manage STEC shedding in
livestock, especially cattle, different forms of vaccines have also been employed, resulting
in a change in fecal shedding [202]. Vaccines that targeted bacterial survival factors,
such as the T3SS (p value = 0.0009), and Siderophore receptor, and porin protein (SRP)
(p value < 0.01), showed a significant reduction in fecal shedding in cattle [203]. Insects
have also been deemed vectors to pathogenic E. coli which can lead to higher transmission
of the bacterium in livestock herds [204,205]. Herd management practices to control the
proliferation of insect vectors, such as flies, can potentially reduce STEC transmission
within and between herds.

5.2. Control of Transmission to Wildlife

Due to increased interaction between wildlife and agricultural settings, wild animals
have become reservoirs and/or spillover hosts. A recent important example is SARS-CoV-2
(severe acute respiratory syndrome-coronavirus 2), which has been detected in white-
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tailed deer, highlighting the importance of spillover transmission [170]. Similarly, hunters
that hunt wildlife for game meat have been implicated in STEC transmission [171,172].
Farmers who may also be hunters are an especially important group that must be trained
through outreach regarding the importance of transmission [152,175,206]. Likewise, butcher
shops/abattoirs where game meat is processed have been implicated in infection outbreaks
multiple times [173]. Stx phages from super-shedders can be transduced into E. coli carried
by insects to make hybrid variants that may be able to infect different hosts [207,208].
Culling high densities of insect and filth flies would be ideal to slow the down large-scale
transmission of STA. Lower prevalence of filth flies can be achieved via fumigation or
topical application of essential oils derived from thyme and catnip in the living quarters of
the livestock [209,210]. Dogs and other vertebrate scavengers, such as civets, were able to
drive down the interaction between wildlife and cattle by consuming dead animal carcasses,
reducing resource availability for harmful bacteria and their insect vectors to breed and
initiate interspecies transfer [199]. Processing wildlife meat, such as venison or elk or bison
meat, should require continuous surveillance for STEC prevalence and be included under
the surveillance program through the CDC.

5.3. Transmission Control in Food Processing Facilities

The ability of both 0157 and non-O157 STEC stereotypes to form biofilms on stainless
steel makes them ideal adulterants in the food factory setting [45]. Rigorous cleaning
regimens and the use of antibiotic agents, such as chlorine dioxide (ClO2) and sodium
hypochlorite (NaOCl), can help in limiting biofilm formation in processing facilities. Some
STEC strains have been found to persist on surfaces after the application of antibiotic
treatments due to biofilm formation [174]. By utilizing the curli extracellular matrix, STEC
can outcompete other bacteria in mixed-species biofilms [44]. STEC has an advantage in
colonizing processing plants and infecting large quantities of meat processed through these
multibacterial biofilms. STEC had higher resistance to sanitization even with low EPS
expression when forming mixed biofilms with a companion EPS-producing Salmonella
strain [175]. This is because bacterial EPS components can protect their companion bacterial
strains regardless of species in mixed biofilms while simultaneously enhancing the EPS-
producing strains’ resistance to sanitizers [175]. Thus, STEC is routinely associated with
multiple other bacterial species to form complex biofilms in processing plants [175,176].
Food acids, such as sodium acid sulfate and nonionic surfactants called polysorbates, have
been utilized to slow down STEC transmission by slowing the biofilm formation of various
STEC serotypes [211,212]. Natural products including plant secondary metabolites—such
as flavonoids, terpenes, and essential oils—have been employed to inhibit biofilm formation
in STEC [213]. Since AGPs lead to an increase in antibiotic resistance, using phytochemicals
in livestock settings will diminish antibiotic resistance [214]. As feed additives, phytochem-
icals can replace antibiotic growth promoters (AGP), which are typically used in livestock
production [214,215]. There are different kinds of phytochemicals—such as flavonoids,
terpenes, and essential oils—that have been employed to inhibit STEC biofilm [216-220].
The use of flavonoids, such as coumarin and ginkgolic acid, have also shown suppression
of the curli gene and autoinducers of STEC, leading to reduced biofilm formation and shed-
ding [218,219]. Essential oils and terpenes can also inhibit the biofilm formation of STEC
and keep vectors (insects) at bay while boosting gut health and feed conversion [220-222].

6. Role of the Intestinal Microbiome in Colonization and Infections

To infect humans, STEC must reach the GI tract and outcompete the indigenous
microbial population for colonization. In this section, we look at the role of human host-
related factors such as diet and microbiome that contribute to the development of STEC
infection. Various methods of preventing STEC infection and outbreaks have also been
highlighted. We also discuss human host factors that may make them more susceptible to
STEC colonization and severe infections.
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6.1. Intestinal Microbial Communities of Reservoir Animals

The cattle hindgut microbiome contains two major prevalent microbial groups,
Firmicutes and Bacteriodetes, followed by other microbial communities, such as Spirochaetes
and Proteobacteria [223]. Prevotella and Treponema were more prevalent in STEC non-
shedders [224], while Ruminococcus and Selenomonas were found to be more prevalent
in STEC super-shedders when microbiota were sampled from GIT tissues and content at
the slaughterhouse [224]. STEC can also transiently influence the host’s microbial com-
munity for ease in colonization [225]. This is supported by the significant difference
(p value < 0.05) in the bacterial community structure of both fecal and RA]J between shed-
ders and non-shedders [225,226]. It was also reported that cattle animals with higher
STEC prevalence have higher alpha diversity of intestinal microorganisms [223,225]. Diet
was found to be a key determinant of intestinal microbiota in the animal and important
for STEC shedding [227-229]. For example, a high-fiber and forage diet was linked to
higher STEC shedding in comparison to diets high in steam-flaked maize or grains [45,200].
Grain-based diets resulted in a higher abundance of Proteobacteria and a lower abundance
of Bacteriodetes, whereas forage-dominant diets were found to have a high abundance of
Firmicutes, Ruminococcaceae, and Paludibacter, critical for degrading forage [230]. Sudden
dietary changes from forage- to grain-based or hay-based to grain-based were correlated
with higher STEC shedding in cattle [231]. STEC shedding was also shown to increase
significantly (p value < 0.05) when distillers grains, a high-energy and protein source,
exceed 40% of the cattle diet [232].

6.2. Perturbed Intestinal Microbiome Leads to STEC Infection in Humans

The gastrointestinal (GI) tract of an adult human has about 500-1000 species of mi-
croorganisms, amounting to 10 bacteria [233]. The typical human gut microbiota is
dominated by the phyla Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria [233,234].
Cross-regulation between the host and the gut microbiota keeps the GI tract healthy and
prevents the proliferation of potentially harmful bacteria by preserving a homeostatic
balance of microorganisms [233]. If this typical human gut microbiome changes in its
composition, it is termed dysbiosis [235]. This perturbed /dysbiotic microbiota can give rise
to enteric infections due to selection pressures in the microbiome, such as inflammatory
bowel disease (IBD), allergies, diabetes, obesity, and multiple sclerosis [235-237].

During enteric infections—including those caused by STEC—due to selection pres-
sures, Proteobacteria, especially Escherichia, outcompeted other microbes and become a
major community in the intestines [236]. Furthermore, STEC and other pathogenic microor-
ganisms can take advantage of dysbiosis of the intestinal microbiome and cause severe
infections [238]. During an infection, the greatest shift in microbial population was seen
in Bacteroidetes, Firmicutes, and Proteobacteria [236]. Dysbiosis is followed by inflammation
of the intestinal tract, which leads to the production of host-derived nitrates [239]. These
nitrates boost the growth of E. coli in intestines, causing even more dysbiosis among host
microbiota, which may lead to higher rates of STEC infection [239].

It has also been observed that children, having lower intestinal microbiome diversity,
have been associated with more STEC infections compared to adults [240]. Thus, a ma-
ture or diverse microbiome can confer protection against STEC colonization and infection.
Furthermore, the healthy control group had a higher prevalence of growth-promoting
microbial community members, such as Bifidobacteriales and Clostridiales, in comparison
to the STEC-positive group [241]. These members are also capable of inhibiting pathogen
colonization. In addition to this direct inhibition, the indigenous intestinal microbiome can
indirectly affect factors such as pH, and secondary metabolites also compete for nutrients
with the STEC in the host intestine [242]. In particular, microorganisms of the Bacteroides
genus have been credited with not only stopping inflammatory reactions due to toxins pro-
duced by STEC but also protecting the host from death in a gnotobiotic mouse model [243].
Significant changes in dietary intake reflect on the host intestinal flora. A healthy micro-
biota, characterized by a high diversity of microbes as well as a high abundance of phyla
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such as Bacteroidetes and Firmicutes, defends against invading STEC pathogens [236,237]. A
healthy, diverse diet supplemented with probiotics rich in bacterial communities such as
Bacteriodetes and Firmicutes may help slow down STEC infection and colonization in the
human intestines.

A high-fiber diet has been linked to increased butyrate production in the intestine [244].
Increased production of butyrate, although found to promote colonic health, can lead to
higher Gb3 expression in intestinal linings. This enhanced Stx toxin binding and uptake
within the intestine during STEC infection leads to higher lethality during the course
of the disease [244]. Furthermore, STEC secretes a AB5 toxin known as Subtilase cyto-
toxin (SubAB), which has shown a high affinity towards glycans, such as o2 —3-linked
N-glycolylneuraminic acid (Neu5Gc) [245,246]. Therefore, humans with higher amounts
of these glycans suffer higher toxin damage [246] due to their diets being able to integrate
it into their intestinal epithelium and kidney vasculature [247]. Dairy products and red
meat are the two main sources of Neu5Gc and are also the most frequent sources of STEC
contamination. In other murine studies, it has been demonstrated that a diet high in fiber
leads to the proliferation of symbiotic microbes such as Akkermansia, which have been
reported to reduce inflammation caused by STEC infection or toxins and regulate intestinal
health [227,248]. Therefore, dietary decisions can affect susceptibility to the toxin as well as
likelihood of contracting the pathogen [249].

7. Conclusions

The study of STEC and its serotypes is important as there has been a steady uptick
in sporadic infections of novel origin. The review has highlighted the importance of
the increase in the number of serotypes beyond the most prevalent big six serotypes
(Figure 3). Newer serotypes are emerging that harbor the stx gene and have not been
typed yet [118,250]. There has also been a high incidence of multi-drug resistance in
STEC isolates recently [29,151,152]. Outbreaks originating from these multi-drug-resistant
untyped serotypes can cause severe healthcare disasters, as it would be difficult to pinpoint
the outbreaks’ sources. The increase in emerging and untyped STEC serotypes is possibly
linked to searching for newer habitats due to change in climatic conditions and shifts in
availability of resources by both humans and animals. Human and animal encroachment
into new habitats can lead to increased interaction with wildlife carrying STEC and related
hybrids. Zoonotic pathogens, such as STEC O157, can exploit these conditions to their
favor and cause repeated infections through various sources over different geographic
locations [7,251-253]. Similarly, the non-O157 serotypes have also been increasingly linked
to human infections [254].

Environmental transmission of STEC is amplified by ruminant reservoirs that can
act as supper-shedders of STEC as well as Stx phages [255]. Untreated effluents and
feedlots, which are generally full of feces, can evolve as a hot zone for STEC infection
and transmission. Stx phages can withstand a variety of harsh conditions, including
UV light, high temperatures, and sanitizing agents such as chlorine, suggesting that Stx
phages can survive multiple inactivating events [256]. In addition, lateral gene transfer can
occur in biofilms in a temperate bacteriophage-mediated process [257]. Transduction of
stx2 in biofilms was found to be highly temperature-dependent [257]. As climate change
warms the environment, transduction and transmission processes are sped up, producing
newer STEC variants with variable genetic makeups. To address the increased burden of
emerging STEC serotypes, specific virulence genes characterization can be implemented
for the detection of STEC at low levels in various reservoirs of STEC and food sources.
The increased surveillance of STEC through molecular detection of virulence genes will
proactively save human lives and prevent loss of livestock due to sporadic infections.

As foodborne zoonotic pathogens, STEC are becoming more prevalent in the environ-
ment and more resistant to antibiotics, thereby leading to higher infection rates. Newer
variants of STEC are being isolated from newer sources, warranting the need for frequent
and robust molecular screening techniques. The One Health approach is needed to track
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STEC infections and must be updated regularly for newer virulence markers to keep up
with rapidly evolving and emerging bacteria for molecular analysis. As the causes of
contamination from STEC and its biofilm-associated pathogens skyrocket, we would need
to address several different problems with stopping sporadic infections in the environment,
such as reducing livestock shedding through established options such as vaccines while
investing in more novel options. Historically, the livestock sector has been implicated in the
high shedding of STEC, but recent trends show wildlife harboring and shedding STEC. If
this transmission between two different habitats is not controlled, STEC can further evolve
to become a more powerful pathogen harboring new combinations of virulence factors. To
tackle the problem of rising variations of STEC virulence and infections, more research into
events that lead to interspecies bacterial transmission—especially between wildlife and
livestock—is warranted.
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