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ARTICLE INFO ABSTRACT

Keywords: Epidemiological evidence of Shiga toxin-producing Escherichia coli (STEC) infections associated with the con-

STEC sumption of contaminated pork highlight the need for increased awareness of STEC as an emerging pathogen in

Raw pork the pork supply chain. The objective of this review is to contribute to our understanding of raw pork products as
Prevalence . . . . -, . . .

Processin potential carriers of STEC into the food supply. We summarize and critically analyze primary literature reporting
Retail & the prevalence of STEC in the raw pork production chain. The reported prevalence rate of stx-positive E. coli

isolates in live swine, slaughtered swine, and retail pork samples around the world ranged from 4.4 % (22/500)
to 68.3 % (82/120), 22 % (309/1395) to 86.3 % (69/80), and 0.10 % (1/1167) to 80 % (32/40), respectively,
depending upon the sample categories, detection methods, and the hygiene condition of the slaughterhouses and
retail markets. In retail pork, serogroup 026 was prevalent in the U.S., Europe, and Africa. Serogroup 0121 was
only reported in the U.S. Furthermore, serogroup 091 was reported in the U.S., Asia, and South American retail
pork samples. The most common virulence gene combination in retail pork around the globe were as follows: the
U.S.: serogroup 0157 + stx, non-0O157 + stx, unknown serogroups-+stx + eae; Europe: unknown serogroups+(stx
+ eae, stxz + eae, or stx; + Stxz + eae); Asia: 0157 + stx; + stxz + ehxA, Unknown+stx; + eaeA + ehxA, or only
eae; Africa: 0157 + stxz + eae + ehxA. STEC strains derived from retail pork in the U.S. fall under low to
moderate risk categories capable of causing human disease, thus indicating the need for adequate cooking and

prevention of cross contamination to minimize infection risk in humans.

1. Introduction

Fresh pork is a highly perishable food commodity with a water ac-
tivity between 0.985 and 0.995. Additionally, normal pork meat reaches
a pH between 5.6 and 5.7 within three to five hours of harvest (Iacumin
and Carballo, 2017). In suitable conditions of temperature, relative
humidity, gaseous atmosphere, etc., these intrinsic characteristics sup-
port the growth of a variety of foodborne pathogens, including Arco-
bacter butzleri and A. cryaerophila, Campylobacter coli and C. jejuni,
Escherichia coli O157:H7, Listeria monocytogenes, Salmonella enterica,
Yersinia enterocolitica, and Y. pseudotuberculosis (ICMSF, 2018).
Furthermore, pork may serve as a vehicle for the transmission of hel-
minths such as Taenia solium (cysticercosis) and Trichinella spiralis, and
protozoan parasites such as Toxoplasma gondii (ICMSF, 2018) when
humans consume muscle tissue containing encysted larvae or oocysts,
respectively (USDA-FSIS, 2018).

While Salmonella and some parasites are well-established biological
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hazards in pork and pork products, little is known about the growth and
potential survival of Shiga toxin-producing E. coli (STEC) in raw pork
products. Consumption of contaminated pork products has been argu-
ably linked to STEC outbreaks, in particular STEC 0157 (Alberta Health
Services, 2018; Honish et al., 2017). Escherichia coli 0157:H7 outbreaks
linked to the consumption of contaminated comminuted and intact cuts
of pork were reported in Canada in 2014 and 2018 (Alberta Health
Services, 2018, Honish et al., 2017), demonstrating the potential of
STEC as contaminants in the pork supply. In the 2014 outbreak, 119
laboratory-confirmed cases were reported, of which 19 % (23/119) of
patients were hospitalized, six of whom later developed hemolytic
uremic syndrome (HUS). Environmental contamination along with
mishandling of products over slaughter, processing, retail, and food
service operations were collectively responsible for product contami-
nation (Honish et al., 2017). Four years later, in the other pork-
associated STEC outbreak, 13 of 42 laboratory-confirmed cases were
hospitalized, and subsequently, one person died (Alberta Health
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Services, 2018). Twenty-one of the laboratory-confirmed cases were
linked to food served at restaurants. Epidemiological investigations
pointed towards several raw pork products (ground, ribs, leg, loin, feet,
and hocks) as the most likely source of E. coli 0157:H7 (Alberta Health
Services, 2018). These outbreaks highlight the need for increased
awareness of pork as a potential source of STEC infection. In many
studies, STEC isolates recovered from retail pork products belonged to
one or more of the top seven serogroups (026, 045, 0103, 0111, 0121,
0145, 0157) that are regulated and considered adulterants in raw, non-
intact beef products in the U.S. (USDA-FSIS, 2011). These U.S. regulated
serogroups as well as some non-regulated serotypes (e.g., 091:H4), often
harbor virulence genes (stxz, eae, and ehx) implicated in human disease.

STEC may be transferred from swine to retail pork via contaminated
carcasses during fabrication (Nastasijevic et al., 2020) or during retail
and food service handling (Montville et al., 2001; Wachtel et al., 2003;
Wilson et al., 2018). Comprehensive microbial source-tracking of STEC
transmission along the pork production chain in Argentina concluded
that STEC contamination of pork products (as indicated by the presence
of the Shiga toxin gene, stx) originates on the farm and transfers from
pigs through the slaughter and processing steps into the pork supply
(Colello et al., 2016). A recent U.S. study tracked presumptive STEC
through two large pork harvest and processing facilities and found that
85 % (1310/1536) of market hogs entering the plants had presumptive
STEC on their skin, while 5.4 % (83/1536) of finished carcasses in the
sales cooler were positive for presumptive STEC after processing (Nas-
tasijevic et al., 2020). This study found a seasonal effect on presumptive
STEC prevalence in pork, with lower recovery rates during winter, and
concluded that the skin of hogs may be a significant source of STEC in
pork meat (Nastasijevic et al., 2020). Overall, consumption of under-
cooked pork products as well as cross-contamination during food service
and domestic food preparation may lead to potential human STEC
infections.

2. Review methodology and data scoping approach

The aim of this review is to contribute to our understanding of raw
pork products as potential carriers of STEC into the food supply. We
have summarized and critically analyzed primary literature reporting
the prevalence of STEC in the raw pork production chain. Searches for
primary literature were conducted on Scopus®, SCIELO® and PubMed,
and relevant articles were retrieved in full through the University of
Nebraska-Lincoln library system. Inquiries were conducted using the
descriptors “STEC/VTEC AND Swine AND Prevalence OR Occurrence”,
“STEC/VTEC AND Pork AND Retail” to search article titles, abstracts,
and keywords. In total, 77 articles were found with the descriptors
“STEC AND Swine AND Prevalence OR Occurrence” and 71 with “STEC
AND Pork AND Retail”. Criteria for inclusion were defined as any article
published in English that reports the occurrence, presence, or prevalence
of STEC (or VTEC) in swine, hogs, or pork. All abstracts were read and
only those articles that met the inclusion criteria were used for the next
phase. After elimination of duplicates, 16 full-text scientific publications
were selected for STEC in live swine and 21 for STEC in retail pork. The
following information was identified from each publication: meat ma-
trix, geographical location, prevalence, virulence genes, method of
isolation, and serogroup/serotype of STEC. No article was found that
reported STEC prevalence in swine or pork before 1999. Thus, publi-
cation date ranged from 1999 to 2021, indicating that this is an
emerging field of study.

For this review, STEC were defined as any E. coli that possess Shiga
toxin gene(s), stx, markers regardless of serogroup denomination or
markers for the presence of the intimin (eae) gene. Swine (skin, fecal,
cecal) or pork (meat) samples that have tested positive in a PCR
screening are denoted as “presumptive STEC” instead of “presumptive
positive” and sample having stx genes in a PCR and then confirmed as
E. coli isolates through culture are denoted as “culture-confirmed STEC”.
The relative risk ranking of STEC for causing human disease was
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determined based on U.S. National Advisory Committee on Microbio-
logical Criteria for Foods (NACMCF, 2019) recommendations. This
Committee suggests that STEC require both stx and intestinal attach-
ment genes (such as eae) for causing severe human illnesses. The relative
risk was categorized from 1 to 4 denoted highest to lowest risk. The
E. coli harboring stxz, virulence genes with aggR (a genetic marker for
entero-aggregative E. coli [EAEC]) was considered highest risk (1). The
U.S.-regulated serogroup 0157 and non—0157, along with stx and eae,
were considered relatively high-risk (2). The U.S.-regulated serogroup
having stx but not eae and U.S. unregulated or unknown serogroup
having both stx and eae gene was considered in the moderate (3) risk
category. Lastly, the U.S. unregulated or unknown serogroup having
only stx were considered low risk (4) for lacking the eae gene (NACMCF,
2019). We also considered other virulence-encoding genes, including stx
subtypes, ehxA (plasmid-encoded enterohemolysin), agn43 (a phage
variable outer membrane attaching protein), espP (a plasmid-encoded
serine protease), katP (plasmid-encoded virulence genes), ecpA (adhe-
sin and E. coli common pilus), and iha (chromosomal iron-regulated gene
for adhesion). Additional information on STEC virulence factors can be
found in these studies (EFSA BIOHAZ Panel et al., 2020; FAO/WHO
STEC Expert Group, 2018; FAO/WHO, 2018). The proteins encoded by
these genes could mediate bacterial adhesion to human and animal in-
testinal epithelia, plants, and abiotic surfaces. Virulence factors such as
ehxA can be a marker for the large plasmid found in many Enter-
ohemorrhagic Escherichia coli (EHEC) (NACMCEF, 2019). However,
toxins other than the Shiga toxin expressed by 0157 and other STEC are
not proven virulence factors (NACMCEF, 2019). Thus, none of the viru-
lence factors other than adhesins (e.g., ecpA) were considered for
additional virulence potential in the risk characterization.

One thing to note is that the primary literature often uses hlyA as a
misnomer for ehxA. Therefore, we only use ehxA even if not reported as
such in the primary source. The hlyA designation is for the structural
gene of E. coli a-hemolysin (Felmlee et al., 1985). It is a common mistake
to call the large plasmid-born enterohemolysin of E coli 0157:H7 hlyA
when it is properly called ehxA. The hemolysin associated with STEC
virulence is encoded by the ehxA gene and not by the hlyA gene. Pre-
sumably, the confusion is because of the earlier published designation of
ehxA as an EHEC hlyA.

As this review presents results, differences in methodologies will be
noted when they may impact comparisons. Furthermore, efforts were
taken to present similarly collected data (sample area location/size,
detection method, etc.) to make relevant comparisons and contrasts
among the variable STEC findings described along the pork production
chain.

3. Live swine as a reservoir for STEC

STEC can be transmitted to humans through person-to-person con-
tact, direct contact with animals, or ingestion of contaminated food or
water (Caprioli et al., 2014; Smith et al., 2014). Beef cattle are well-
established reservoirs for STEC and some STEC have been demon-
strated to colonize the distal region of the recto anal junction in bovines
(Arthur et al., 2010; Moxley and Acuff, 2014). In swine, STEC play an
important role in the pathogenesis of edema disease, an infectious illness
that affects post-weaning piglets and young finishing-age pigs (Tseng
et al., 2014). Studies have found that swine are susceptible to STEC
0157:H7 infection and can shed the bacterium for up to two months
(Cha et al., 2018; Tseng et al., 2014). In fact, Shiga toxin subtype 2e
(stxge) is considered a key virulence factor for the damage of swine
endothelial cells (Ercoli et al., 2015).

Longitudinal cohort studies of swine STEC carriage by Tseng et al.
(2015) and Cha et al. (2018) identified swine as a significant reservoir of
STEC in the U.S. Tseng et al. (2015) reported that 65.3 % (98/150) of
finishing pigs aged 10- to 24- weeks from two different sites of a com-
mercial farm in the Midwestern U.S. tested positive for STEC by culture
isolation. Similarly, Cha et al. (2018) estimated 68.3 % (82/120) STEC-
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positive pigs sampled from a commercial farm located in Ohio between
June 2014 and April 2015. The prevalence rate varied by sampling site
(50 to 97.5 %), cohort (15 to 100 %), and seasonality, with a higher
average prevalence in autumn (36 %, 81/224). The researchers
collected a total of 898 fecal samples from 120 pigs (20 pigs x 6 cohorts)
of the same ages as previously described, of which 44.2 % (397,/898)
tested positive for at least one stx gene marker (Cha et al., 2018). Isolates
were obtained by conventional culture methods with multiple serotypes
not linked to human diseases such as 059:H21 (stxz.), but also the
clinically important 0157:H7 (stxz., eae) and 026:H11 (stx;4, eae) were
recovered at a similar frequency (1.7 %, 2/120), indicating that com-
mercial pigs may act as sources of human STEC infections (Cha et al.,
2018).

In a study by Nastasijevic et al. (2020), 1536 hogs arriving at
slaughter over the course of a year (384 per season) were examined for
STEC by PCR and culture isolation. The culture-confirmed STEC prev-
alence was 26.4 % (414/1536) with a higher prevalence rate in the
spring (29 %, 120/414) and summer (32.6 %, 135/414) months
compare to winter (16.2 %, 67/414) and automn (22.2 %, 92/414)
samples (Nastasijevic et al., 2020). In this study, the most commonly
present stx subtypes in the isolates were stx;4, Stx2q, StXge, and/or stxz.. In
a previous retrospective U.S. study, Baranzoni et al. (2016) showed that
swine might carry stxiq-, Stxaq-, or stxg.-producing E. coli with virulence
gene profiles linked to human infections, consistent with the observa-
tions of Nastasijevic et al. (2020).

Studies from around the world have demonstrated a high prevalence
of human clinically relevant STEC in commercial swine populations. In
Italy, Ercoli et al. (2016) found a 38.6 % (81/210) stx-positive and
subsequently a 12.4 % (26/210) culture-positive STEC in pig fecal
samples collected from the Umbria and Marche regions during a one-
year period. On the other hand, a comparatively lower frequency of
STEC (5.6 %, 23/409) was estimated in pig fecal samples in Ibadan,
Nigeria (Ojo et al., 2010). Isolation via conventional methods and
serological confirmation followed by molecular screening identified
serogroups 0111, 0128, and 0157 in the positive samples (Ojo et al.,
2010). A similar prevalence (4.4 %, 22/500) of stx, positive STEC was
detected in the fecal samples of healthy adult pigs collected from two
commercial farms located in the Eastern Cape province, South Africa
between April and July 2014 (Iwu et al., 2016). The authors examined
for serogroups 026, 045, 0103, 0111, 0121, 0145 and 0157 within the
22 STEC and found that seve were 026 while the others 15 were of an
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untargeted serogroup (Iwu et al., 2016). Lastly, an isolation rate of 12.8
% (16/125) of E. coli 0157:H7 was reported in tonsil swabs of 4- to 6-
week-old clinically healthy pigs collected from different herds of five
intensive pig farms (25 sample/farm) located in the vicinity of Hubei
province, China (Khan et al., 2018), indicating one of the higher prev-
alence values among live swine.

Overall, the prevalence of stx-positive E. coli isolates from swine
ranged from 4.4 to 68.3 % around the world (Table 1). Variation in
results may be explained by multiple factors, including methodological
differences. For instance, studies that used modified Rainbow Agar
supplemented with tellurite instead of MacConkey agar showed a higher
STEC recovery rate (Cha et al., 2018; Ercoli et al., 2016). Similarly,
sorbitol MacConkey agar supplemented with cefixime increases the re-
covery rate of E. coli 0157:H7 while suppressing growth of some non-
0157 serogroups (Iwu et al., 2016; Ojo et al., 2010). Other studies
used washed sheep blood agar with Mytomicin C, which identifies STEC
through the enterohemolyic phenotype (Nastasijevic et al., 2020;
Sugiyama et al., 2001). This approach allows the relative abundance of
enterohemorrhagic E. coli (EHEC) to be identified among other types of
STEC but can bias serotypes to those expressing the ehx gene.

Although comprehensive studies of swine STEC carriage and on-farm
shedding are limited, there is scientific evidence to show that swine may
serve as a reservoir for STEC strains potentially pathogenic to humans,
including those expressing stxz, and that may possess eae and ehx genes.
The most common serogroups identified are O8 and 0121, followed by
055, 086, 091, 0108, 0138, 0139, 0141, 0147, and 0149 (Fratamico
et al., 2004; Ju et al., 2012; Remfry et al., 2020; Tseng et al., 2014).

4. Prevalence of STEC in slaughtered swine and pork processing

STEC can be transmitted from the skins and gastrointestinal contents
of pigs to their carcasses during skinning, evisceration, and further
processing (Khan et al., 2018). However, very few studies have reported
the prevalence of STEC in cecal, organs, or fecal samples of slaughtered
swine. In Italy, Arancia et al. (2019) reported that 52.1 % (122/234) of
slaughtered swine cecal samples collected from abattoirs during 2015
were stx-positive. Samples were screened for stxj, stxs, and eae gene
markers followed by an isolation step and subsequent characterization
of the isolates. Of 66 stx,-positive isolates, 74 % (n = 49) possessed the
stxaq gene subtype, in some cases along with stxgy, (4.5 %, 3/66) or stxz,
(12 %, 8/66). The remaining 17 isolates (26 %) harbored the stxz.

Table 1
Prevalence of STEC in the live and slaughtered swine around the world.
Origin Country Sample Prevalence (%) Identification Reference
Farm Nigeria Fecal 5.6 (23/409) Culture Ojo et al. (2010)
USA Fecal 65.3 (98/150) Culture Tseng et al. (2015)
Italy Fecal 38.6 (81/210) PCR Ercoli et al. (2016)
12.4 (26/210) Culture
South Africa Fecal 4.4 (22/500) Culture Iwu et al. (2016)
USA Fecal 68.3 (82/120) Culture Cha et al. (2018)
Fecal 44.2 (397/898) PCR
China Tonsil swab 12.8 (16/125) Culture Khan et al. (2018)
USA Skin 85.3 (1310/1536) Culture Nastasijevic et al. (2020)
Slaughterhouse France Carcass swab 50 (75/175) PCR Bouvet et al. (2001)
Belgium Carcass swab 12.8 (17/122) PCR Botteldoorn et al. (2003)
Switzerland Fecal 22 (138/630) PCR Kaufmann et al. (2006)
Brazil Intestine 1.4 (1/74) Culture Martins et al. (2011)
Canada Carcass 4.8 (51/1067) Culture Bohaychuk et al. (2011)
Argentina Carcass 4.1 (6/147) Culture Colello et al. (2016)
Italy Carcass swab 13.8 (29/210) PCR Ercoli et al. (2016)
1.9 (4/210) Culture
China Intestine, liver, kidney, and meat 86.3 (69/80) Culture Khan et al. (2018)
Italy Cecal 52.1 (122/234) PCR Arancia et al. (2019)
28.2 (66/234) Culture
Processing plant USA Raw intact and nonintact pork 22.1 (309/1395) PCR Scott et al. (2020)
0.2 (3/1395) Culture

PCR: STEC identified by PCR without isolation; Culture: STEC confirmed by isolation.
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subtype, while none of the isolates carried eae (Arancia et al., 2019).

A study conducted in China reported an 86.3 % (69/80) prevalence
of E. coli 0157:H7 in pork intestine, liver, kidney, and meat samples
obtained from two different slaughterhouses in the vicinity of Hubei
province (Khan et al., 2018). In contrast, a Brazilian study reported a
much lower culture-confirmed STEC occurrence (1.4 %, 1/74) in
slaughtered swine intestinal samples (Martins et al., 2011). In
Switzerland, 22 % (138/630) of swine fecal samples collected at
slaughter tested positive for stx by PCR (Kaufmann et al., 2006). Among
the isolated non-0157 serogroups, one O103:H2 STEC strain harbored a
combination of virulence genes (stx;, eae, and ehxA) that has pathogenic
characteristics for humans. However, one E. coli 0157:H7 isolated via
immunomagnetic separation (IMS) lacked stx genes (Kaufmann et al.,
2006).

STEC prevalence on carcass samples also varies across studies.
Bohaychuk et al. (2011) estimated a 4.8 % (51/1067) STEC prevalence
in pork carcasses swabs collected from provincially inspected hog
slaughter facilities in Alberta, Canada between 2006 and 2007. The
prevalence in their study was defined by a culture-isolated STEC from a
sample that screened positive for stx via PCR (Bohaychuk et al., 2011).
In Argentina, a comparable prevalence rate (4.1 %, 6/147) of STEC was
estimated from slaughtered swine carcass (Colello et al., 2016). Multiple
STEC of different serotypes were isolated, including O1:H9 (stxz,, ehaA),
091:H21 (stx;, agn43, ehaA, iha), ONT:H29 (stx;, stxz), ONT:HNM (stx2),
and O8:HNM (stxz,, ehaA). It should be noted that serogroup 091 has a
history of causing HUS or bloody diarrhea in humans (Feng et al., 2017;
Mellmann et al., 2009).

A relatively higher frequency (13.8 %, 29/210) of STEC indicated by
PCR was found in carcass swabs obtained from Italian pig slaughter
facilities in the Umbria and Marche regions (Ercoli et al., 2016) where
swabs covered half the carcass rather than 100 cm? like other survey
studies (Bohaychuk et al., 2011; Colello et al., 2016). Of 29 stx-positive
samples, 26 harbored stx, and eae, two possessed only stxz, and one
carried both stx; and eae genes (Ercoli et al., 2016). However, only 1.9 %
(4/210) of carcasses were culture-positive and none of the STEC were
top seven or harbored the eae gene (Ercoli et al., 2016). In Belgium, of
122 carcass swabs from slaughterhouses, 17 (12.8 %) tested positive for
the stx gene marker via VTEC/EHEC multiplex PCR (Botteldoorn et al.,
2003). A much higher PCR positivity rate (50 %, 75/175) was reported
in French slaughtered swine carcasses; however, none of the isolates
belonged to serotype 0157:H7 (Bouvet et al., 2001). A study conducted
in the U.S. reported a relatively lower STEC prevalence rate in raw pork
samples collected from processing facilities. Only three culture positive
samples (0.2 %, 3/1395) were found and belonged to serogroup 0103
and 0157 (Scott et al., 2020). Importantly, 22.1 % (309/1395) of the
samples screened positive for both stx and eae genes but did not confirm
positive for any of the top seven STEC serotypes, indicating that STEC
serogroups different from the ones regulated by the USDA-FSIS may be
circulating in raw pork.

In brief, presumptive STEC prevalence in swine slaughter ranged
from 0.2 to 86.3 % depending upon sample categories, detection
method, and the hygiene condition of the slaughterhouses (Table 1).
Relatively higher occurrence was reported in cecal samples followed by
carcass and fecal samples irrespective of geographical location. Cross-
contamination, mishandling of the carcasses, and the unhygienic envi-
ronmental condition of the facilities may be contributing factors posi-
tively associated with higher prevalence rates (Khan et al., 2018; Ojo
et al., 2010). Overall, the researchers concluded that slaughtered swine
may contribute to STEC transmission. Even though many isolates did not
test positive for virulence factors implicated in severe illness cases in
humans, the role of swine in STEC human infections needs to be further
investigated for source attribution and risk mitigation (Scott et al., 2020;
Tseng et al., 2015).
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5. Prevalence and virulence factors of STEC in retail pork
products

Xia et al. (2010) found a very low prevalence (0.1 %, 1/1167) of
culture-confirmed STEC in pork chops that were purchased from
different retail markets in the U.S. states of Georgia, Maryland, Oregon,
and Tennessee between 2002 and 2007. A higher culture-confirmed
prevalence rate (5.2 %, 12/231) was reported for ground pork sam-
ples purchased at chain grocery stores in the Washington D.C. area be-
tween March 2009 and 2010 (Ju et al., 2012); however, those STEC
isolates lacked eae and were not regulated serogroups, unlike the Xia
et al. (2010) and Scott et al. (2020) studies. The observation of non-
regulated STEC types in pork products is common. In a study by Ju
et al. (2012), eight of 16 STEC isolates were serogroup 091 and the
remaining eight belonged to unknown serogroups. This 091 serogroup
exhibited high cytotoxicity for Vero cells, indicating its potential as a
human pathogen. Serogroup 091 has been previously associated with
clinical cases of HUS in France and Germany (Bonnet et al., 1998;
Mellmann et al., 2009). Additionally, Jung et al. (2019) found culture-
confirmed U.S. non-regulated STEC serogroups that harbored both stx
and eae gene at a 2.5 % (13/514) prevalence rate among samples of
ground or non-intact and intact pork collected in the U.S. states of
Delaware, New Jersey, and Pennsylvania between July and December
2017, and like Xia et al. (2010) and Scott et al. (2020) found a very low
prevalence (0.8 %; 4/514) of culture-confirmed STEC. Recently, Zhang
et al. (2021) reported on the prevalence of culture-confirmed STEC
0157 (0.1 %, 1/789) and non-0157 (2.2 %; 13/580) in ground pork
samples collected between 2014 and 2016 from 11 large cities across
Canada. The non-0157 STEC isolates carried single stx genes (stx1q, StXze,
or stxzq) while the STEC 0157 carried a virulence gene combination
(stxzq, eae, and ehxA) with high potential for human disease (Zhang
et al., 2021).

In Argentina, a contamination rate of 4.6 % (4/87) was observed in
minced pork samples (Colello et al., 2016). The isolates were identified
as STEC of serotypes 091:H21, 091:HNM, and ONT:HNM. Interestingly,
the STEC 091 isolated from retail pork in this study and in the U.S. (Ju
et al., 2012) were also found in carcass samples (Colello et al., 2016;
Nastasijevic et al., 2020), suggesting transmission of the same STEC
along the production and retail chain as expected. However, this
transmission was not verified by a subsequent confirmatory whole
genome sequence study.

Unlike North and South America, some European studies have re-
ported relatively high STEC prevalence rates in pork sausages and non-
ready-to-eat (NRTE) pork. In Italy, a 19 % (41/213) presumptive STEC
prevalence rate with one culture-confirmed was estimated in fresh pork
sausages collected from retail outlets in the Emilia Romagna Region
between 2012 and 2013 (Bardasi et al., 2015). A similar rate (14 %, 65/
465) of presumptive STEC with a higher culture-positive rate (10.8, 7/
65) was reported in retail NRTE pork samples collected in the same
region between January 2014 and August 2016 by the same research
group (Bardasi et al., 2017). Of note, 42 of the 65 STEC isolates
possessed eae, suggesting greater potential virulence. Another Italian
study reported a comparable culture-confirmed STEC isolation rate
(10.3 %, 13/126) in fresh pork sausages obtained from butcher shops of
Napoli and Salerno provinces (Villani et al., 2005). Nearly half (46 %,
11/24) of the STEC were suspected 0157:H7 and possessed eae with stx;
and/or stxz genes. Yet, another Italian study reported a low prevalence
rate (2.8 %; 19/675) of presumptive STEC (2.8 %; 19/675) in fresh retail
pork sausages collected from the Umbria and Marche regions (Ercoli
et al.,, 2016). However, no isolates were recovered from the
presumptive-positive samples (Ercoli et al., 2016).

In Switzerland, Fantelli (2001) found a 1.1 % (2/189) isolation rate
for culture-confirmed non-0157 STEC belonging to serogroups 020:H7
and 082:H8 in minced pork samples collected from Swiss butchers shop
between January and June 2000. Both strains harbored the stx, gene
and lacked eae, with the O82:H8 isolate possessing additional virulence
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genes, ehxA, and espP (Fantelli, 2001). In the Netherlands, STEC 0157:
H7 was isolated from two of 262 samples (0.8 %) of fresh pork collected
from different butcher shops (Heuvelink et al., 1999). The researchers
did not examine the samples for other STEC, so the actual prevalence
may be underestimated. In summary, 0.8 to 1.1 % of retail pork was
contaminated by culture-confirmed STEC in European countries, where
the contamination rate was higher in Italian pork products; and both
0157:H7 and non-0157 STEC serogroups/serotypes were found.

Studies in Asia reported higher potential STEC contamination of pork
than those from the Americas and Europe; however, researchers in Asia
conducted culture confirmation mostly for E. coli 0157:H7. A study from
Wuhan, China reported that 37.8 % (67/177) of raw pork samples sold
at retail markets between July 2011 and September 2013 contained stx
gene markers (Li et al., 2016). Forty-one of the stx-positive samples also
had the rfb 0157 gene (encoding the O-antigen specific for E. coli 0157:
H7), and an unspecified number of those were cultured with only one
yielding an E. coli O157:H7 (Li et al., 2016). Another Chinese study
reported E. coli 0O157:H7 in 40.8 % (49/120) of pork meat and liver
samples collected from six different wet markets and supermarkets
located in the vicinity of Hubei province (Khan et al., 2018). Wet market
samples had higher E. coli 0157:H7 contamination than those at su-
permarkets (53.3 % vs. 28.3 %) likely due to the poorer hygienic con-
ditions and handling of raw products. However, a study that collected
meat samples from supermarkets and farmer markets located in Zigong
and Beijing area reported a prevalence rate of 8.2 % (26/318) stx-pos-
itive retail raw pork samples (Bai et al., 2015). Another study from
Southern China also found that only 1.4 % (2/145) of retail raw pork
samples were contaminated with E. coli 0157:H7 (Zhang et al., 2015),
possibly indicating adherence to stricter hygienic practices.

A Korean study that examined pork samples for non-0157 STEC re-
ported a low prevalence (1.4 %, 3/217) of STEC in retail packaged pork
obtained between 2006 and 2012 (Lee et al., 2018). The three STEC
isolates were one serotype 091:H14 and two 0O121:H10. The STEC
0121:H10 harbored stxy, and ecpA, whereas the 091:H14 carried stx;
along with ecpA and the plasmid-encoded virulence genes ehxA, espP,
and katP. Interestingly, a pork-derived 091:H14 strain from this study
along with two beef-derived isolates were the same multi-locus sequence
type (MLST; ST33) as 13 human 091:H14 isolated from diarrheal pa-
tients, suggesting a potential epidemiological link (Lee et al., 2018). In
short, in Asian retail pork samples, the STEC prevalence based on stx
genes was as high as 53.3 % while confirmed STEC identified by culture
isolation was rare.

In South Africa, a high recovery rate (80 %, 32/40) of E. coli 0157:H7
in retail pork purchased from supermarkets was reported by Ateba and
Mbewe (2011). The isolates were characterized for stx;, stxs, eae, and
ehxA and only three had the typical E. coli 0157:H7 genotype; the other
29 were atypical 0157:H7 lacking stx and/or eae genes. In a Nigerian
study, a 4 % culture-confirmed prevalence (8/200) was found in retail
pork (Ojo et al., 2010). Of the eight positive isolates, six belonged to
serogroup 0157, and the other two were 026 and O111, but it is not
clear from the report whether the isolates carried typical virulence
factors of severe disease-causing STEC. Lastly, a study conducted in New
Zealand reported the STEC prevalence in raw retail pork at 4 % (1/35).
This lone STEC was serotype O156:H- and possessed the stxs gene
(Brooks et al., 2001).

Overall, the prevalence rate of stx-positive retail pork samples
around the globe ranged from 1.1 (2/189) to 80 % (32/40). The reported
prevalence rate of confirmed E. coli 0157 and non-0O157 ranged from 1.2
(8/675) to 23.2 % (41/177) and 0.1 (1/1167) to 14.7 % (26/177),
respectively, in studies targeting multiple STEC serogroups/serotypes.
STEC 0157 was more prevalent than non-O157 serogroups in each
continent but this is likely biased because many studies focus solely on
E. coli 0157:H7. Among the most common severe disease-causing non-
0157 serogroups, 0145 was prevalent in the U.S., Europe, and Asia.
Similarly, serogroup 026 was found in the U.S., Europe, and Africa but
not reported in Asia. Serogroup 0121 was only reported in the U.S. and
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045 only in Asia. The common serogroup reported in the U.S. and Eu-
ropean studies was 0103. Other than the U.S. regulated serogroups, 091
was isolated in the U.S., Asia, and South American retail pork samples.
The most common virulence gene combination around the globe are
described next. For U.S. studies: serogroup 0157 plus stx, big-6 non-
0157 plus stx, and unknown serogroup plus stx and eae. European
studies: unknown serogroups plus stx and eae, stxz plus eae, and stx; plus
stxz and eae. Asia: 0157 serogroup plus stxj, stxs, and ehxA; unknown
plus stx;, eae, and ehxA; or only eae. Africa: 0157 plus stxz plus eae and
ehxA.

6. Difficulties in comparing prevalence studies

Some of the variability in the results presented in this review likely
derives from differences in experimental design; geographical and
climatological conditions; production, husbandry, and processing
practices; as well as STEC definition and detection methods within in-
dividual studies. For example, carcass analytical sampling areas varied
from 100 cm? to 4000 cm?. Some studies relied on PCR for stx markers,
often including eae for the interpretation of STEC presence. However,
some primary sources reported prevalence based on culture isolation
only. In some cases, particular serogroups (026, 045, 0103, 0111,
0121, 0145 and 0157) were examined by PCR in a sample, while other
sources targeted these serogroups with IMS methods. The depth of
characterization of isolates varied as well, from sole confirmation to
extensive virulence factor profiling.

Comparing prevalence studies is challenging due to the different
collection methods, sample sizes and origins, geographic location, and
isolation protocols. For example, the low frequency of STEC seen in an
African study (Ojo et al., 2010) may be due to the use of enrichment
culture without an IMS step, which is known to enhance STEC recovery
of targeted serogroups for which magnetic beads exist. Addition of
novobiocin to the enrichment culture medium and the high background
microflora of retail samples such as ground pork could contribute to the
inhibition of certain non-O157 serogroups and subsequently report
lower prevalence (Ercoli et al., 2016).

Other than isolation protocol, the detection marker could contribute
to differences in prevalence estimates. In the U.S., many of the studies
were based on serogroup markers that targeted only the seven most
common severe disease-causing STEC. However, NACMCF (2019) rec-
ommends using virulence markers such as stx or eae genes rather than
serogroup or serotype to identify pathotype. This is because a serogroup
marker such as an O antigen itself is not a true virulence factor, unlike
Shiga toxin and intimin. Keeping this in mind, any serotype of E. coli that
can produce Shiga toxin and adhere to the human intestinal epithelial
cells has the potential to cause human disease. In the U.S., stx and eae
genes were identified in retail pork that lacked all of the seven most
common serogroup genes (Jung et al., 2019). Furthermore, a recent U.S.
baseline study reported that 22.1 % (309/1395) of pork harbored both
stx and eae genes but culture confirmation aimed at the seven most
common STEC serogroups only recovered three isolates (Scott et al.,
2020). In both studies, the samples that were not culture-confirmed for a
common STEC may still harbored a potentially dangerous strain (pos-
sessing stx and eae) but the narrowly directed culture efforts failed to
identify them. Therefore, STEC prevalence in pork may be under-
estimated in the U.S. because testing often targeted only the beef
regulated STEC serogroups without considering other serogroups that
may possess virulence gene markers associated with human illness.

Serotypes that have not been associated with human disease may
harbor stx and eae or aggR and pose a high risk to humans. According to
NACMCF (2019), STEC strains that contain any of the following patterns
of virulence gene factors have the potential to cause human disease,
from high to low risk: stxaq, aggR, eae, 0157 serogroup; stx and”’big six”
non—O157; stx, eae, and other serogroups; and stx plus eae. Further-
more, the presence of the ehxA gene may enhance the virulence poten-
tial of STEC and occasionally intimin alone can lead to diarrhea in
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humans by an attaching and effacing mechanism (Ercoli et al., 2016;
Werber et al., 2008). Interestingly, a significant number of the preva-
lence studies conducted in Europe, Asia, Africa, and the Americas have
detected one or more of these virulence gene combinations in swine and
pork products. From the primary data summarized in this review, it is
apparent that STEC strains derived from retail pork fall under low to
moderate risk categories and thus can cause human disease. Table 2
summarizes the virulence profile of retail pork isolates from around the
world and qualitatively categorizes the risk associated with the corre-
sponding virulence profiles. Additional investigation is warranted on the
genetic relatedness between pork and human clinical STEC isolates.

7. Conclusions

The collective scientific evidence suggests that pork and pork prod-
ucts may be naturally contaminated with a heterogeneous population of
STEC strains. For many years, difficulties in detecting and differentiating
STEC serogroups led industry and regulatory agencies to focus mostly on
serogroup O157. However, it is clear that the prevalence of STEC in pork
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is underestimated. Recent advancement in the detection of 0157 and
non-0157 serogroups as well as virulence factor profiling could show
the actual scenario of STEC prevalence in the pork production chain.
These strains are passed over from the farm, where swine may be
asymptomatic carriers, into slaughter and deboning operations, and
eventually, the into meat supply, potentially causing infections in
humans. The severe symptoms associated with STEC infections, as well
as the increasing frequency of infections caused by a large variety of
STEC serotypes, highlight the need for additional research to understand
the ecology of these pathogens in pork and to aid in the development of
prevention and risk mitigation strategies. Due to the frequent detection
of STEC in swine and pork products, pork must be cooked according to
USDA-FSIS guidelines reaching 60 °C/140 °F for intact pork products
and 71.1 °C/160 °F for non-intact pork products to effectively inactivate
STEC and lower the potential risk of foodborne illness in humans.

Disclaimer

Any mention of products or services by a USDA author implies no

Table 2
Virulence profile of STEC isolated from retail pork around the world.
Continent Location Matrix Serogroup/serotype Virulence gene Relative Reference
Non-0157 0157 Risk*
Africa Nigeria Raw pork 026, 0111 0157 stx1+ stxo+ eae + 2 Ojo et al. (2010)
ehxA
South Africa ~ Raw pork NT 0157: stxy + eae + ehxA 2 Ateba and Mbewe
H7 (2011)
Asia China Raw meat NT 0157: stxy or sty 3 Khan et al. (2018)
H7
China Raw pork 045, 0145 stx, + eae 2 Li et al. (2016)
0157: stx;, + stxz + eae 2
H7 ~+ehxA
China Raw pork 091:H4, 057:H21, 098:H30, ND stx 4 Bai et al. (2015)
0121:H10,
0141:H29
08:H19 stx + ehxA 4
China Raw pork NT 0157 stx; + eaeA + ehxA 2 Zhang et al. (2015)
0157: stxa + eaeA + ehxA 2
H7
Korea Packaged 0121:H10 ND Stxg, + ecpA 4 Lee et al. (2018)
Raw pork 091:H14 stx; + ehxA + espP 3
~+katP+ ecpA
Australia/New New Raw pork 0156:H- Stxo 4 Brooks et al. (2001)
Zealand Zealand
Europe Italy Pork sausage NT 0157: sty + stxa+ eae+ 2 Villani et al. (2005)
H7 rfbE+ ehxA
Italy Pork sausage 0104, 0145, and 026 0157 stx; and/or stxo 3 Bardasi et al. (2015)
0103 stx; + eae 2
Italy Pork sausage 0145, 0103, 026 0157 sty + stxg + eae 2 Ercoli et al. (2016)
Italy Pork meat, minced pork, 0145, 026,0103,0104, 0111 0157 stxy + stxy + eae 2 Bardasi et al. (2017)
sausages
Netherland Minced pork NT 0157: stxp + eae 2 Heuvelink et al.
H7 (1999)
Switzerland Minced pork 020:H7 ND stxp 4 Fantelli (2001)
082:H8 stxa+ ehxA + espP 4
North America Canada Ground pork 0157: stxa, + eae + ehxA 2 Zhang et al. (2021)
H7
USA Ground pork 091 NT Stxaq + ehxA 4 Ju et al. (2012)
Unknown StXadqct + ehxA 4
USA Ground pork, 0103, 0121 0157 stx; and/or stx, 3 Magwedere et al.
pork cuts (2013)
USA Pork chop ONT:H51 ND stxy 4 Xia et al. (2010)
USA Ground pork Unknown (Not US regulated serogroup) stx + eae + ehxA 3 Jung et al. (2019)
South America Argentina Raw and minced pork 09:H21, 09:HNM, ND stxp + agn43 4 Colello et al. (2016)
ONT:H21 Stxae + agn43 4
ONT:HNM Stxo + Stxo. + eae + 3
agn43

NT = Not targeted, ND=Not detected. *Relative risk ranking for causing Human disease is determined based on NACVMCF (2019).
The following interpretation was applied: 1 = stxz, + aggR; 2 = stx + eae + 0157 serogroup OR stx + eae + US regulated non-O157serogroup; 3 = only stx + 0157:H7
OR stx + eae or other Adhesin+unknown/other serogroup (not US regulated), 4 = stx + unknown/other serogroup (not US regulated) OR stx + ehxA or other virulence

marker+ unknown/other serogroup (not US regulated).



M. Haque et al.

approval of the to the exclusion of other of products or services that may
also be suitable. USDA is an equal opportunity provider and employer.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

Alberta Health Services, 2018. E. coli outbreak linked to certain pork products in Alberta
declared over. Alta. Health Serv. https://www.albertahealthservices.ca/news/rele
ases/2018/Pagel4457.aspx (accessed 5.7.20).

Arancia, S., Iurescia, M., Lorenzetti, S., Stravino, F., Buccella, C., Caprioli, A., Franco, A.,
Battisti, A., Morabito, S., Tozzoli, R., 2019. Detection and isolation of Shiga toxin-
producing Escherichia coli (STEC) strains in caecal samples from pigs at slaughter in
Italy. Vet. Med. Sci. 5, 462-469. https://doi.org/10.1002/vms3.175.

Arthur, T.M., Brichta-Harhay, D.M., Bosilevac, J.M., Kalchayanand, N., Shackelford, S.D.,
Wheeler, T.L., Koohmaraie, M., 2010. Super shedding of Escherichia coli 0157:H7
by cattle and the impact on beef carcass contamination. In: Meat Sci., Special Issue:
56th International Congress of Meat Science and Technology (56th ICOMST), 15-20
August 2010, Jeju, Korea, 86, pp. 32-37. https://doi.org/10.1016/j.
meatsci.2010.04.019.

Ateba, C.N., Mbewe, M., 2011. Detection of Escherichia coli 0157:H7 virulence genes in
isolates from beef, pork, water, human and animal species in the northwest province,
South Africa: public health implications. Res. Microbiol. 162, 240-248. https://doi.
0rg/10.1016/j.resmic.2010.11.008.

Bai, X., Wang, H., Xin, Y., Wei, R., Tang, X., Zhao, A., Sun, H., Zhang, W., Wang, Y.,
Xu, Y., Zhang, Z., Li, Q., Xu, J., Xiong, Y., 2015. Prevalence and characteristics of
Shiga toxin-producing Escherichia coli isolated from retail raw meats in China. Int. J.
Food Microbiol. 200, 31-38. https://doi.org/10.1016/j.ijffoodmicro.2015.01.018.

Baranzoni, G.M., Fratamico, P.M., Gangiredla, J., Patel, 1., Bagi, L.K., Delannoy, S.,
Fach, P., Boccia, F., Anastasio, A., Pepe, T., 2016. Characterization of Shiga toxin
subtypes and virulence genes in porcine Shiga toxin-producing Escherichia coli.
Front. Microbiol. 7 https://doi.org/10.3389/fmicb.2016.00574.

Bardasi, L., Taddei, R., Nocera, L., Ricchi, M., Merialdi, G., 2015. Shiga toxin-producing
Escherichia coli in meat and vegetable products in Emilia romagna region, years
2012-2013. Ital. J. Food Saf. 4 https://doi.org/10.4081/ijfs.2015.4511.

Bardasi, L., Taddei, R., Fiocchi, L., Pelliconi, M.F., Ramini, M., Toschi, E., Merialdi, G.,
2017. Shiga toxin-producing Escherichia coli in slaughtered pigs and pork products.
Ital. J. Food Saf. 6 https://doi.org/10.4081/ijfs.2017.6584.

Bohaychuk, V.M., Gensler, G.E., Barrios, P.R., 2011. Microbiological baseline study of
beef and pork carcasses from provincially inspected abattoirs in Alberta, Canada.
Can. Vet. J. 52, 1095-1100.

Bonnet, R., Souweine, B., Gauthier, G., Rich, C., Livrelli, V., Sirot, J., Joly, B.,
Forestier, C., 1998. Non-O157:H7 Stx2-producing Escherichia coli strains associated
with sporadic cases of hemolytic-uremic syndrome in adults. J. Clin. Microbiol. 36,
1777-1780.

Botteldoorn, N., Heyndrickx, M., Rijpens, N., Herman, L., 2003. Detection and
characterization of verotoxigenic Escherichia coli by a VTEC/EHEC multiplex PCR in
porcine faeces and pig carcass swabs. Res. Microbiol. 154, 97-104. https://doi.org/
10.1016/50923-2508(03)00028-7.

Bouvet, J., Bavai, C., Rossel, R., Le Roux, A., Montet, M.P., Ray-Gueniot, S., Mazuy, C.,
Arquilliere, C., Vernozy-Rozand, C., 2001. Prevalence of verotoxin-producing
Escherichia coli and E. Coli 0157:H7 in pig carcasses from three french
slaughterhouses. Int. J. Food Microbiol. 71, 249-255. https://doi.org/10.1016/
S0168-1605(01)00614-6.

Brooks, H.J.L., Mollison, B.D., Bettelheim, K.A., Matejka, K., Paterson, K.A., Ward, V.K.,
2001. Occurrence and virulence factors of non-O157 Shiga toxin-producing
Escherichia coli in retail meat in Dunedin, New Zealand. Lett. Appl. Microbiol. 32,
118-122. https://doi.org/10.1046/j.1472-765x.2001.00868.x.

Caprioli, A., Scavia, G., Morabito, S., 2014. Public health microbiology of Shiga toxin-
producing Escherichia coli. Microbiol. Spectr. 2 https://doi.org/10.1128/
microbiolspec. EHEC-0014-2013.

Cha, W., Fratamico, P.M., Ruth, L.E., Bowman, A.S., Nolting, J.M., Manning, S.D.,
Funk, J.A., 2018. Prevalence and characteristics of Shiga toxin-producing
Escherichia coli in finishing pigs: implications on public health. Int. J. Food
Microbiol. 264, 8-15. https://doi.org/10.1016/j.ijfoodmicro.2017.10.017.

Colello, R., Caceres, M.E., Ruiz, M.J., Sanz, M., Etcheverria, A.I., Padola, N.L., 2016.
From farm to table: follow-up of Shiga toxin-producing Escherichia coli throughout
the pork production chain in Argentina. Front. Microbiol. 7 https://doi.org/
10.3389/fmicb.2016.00093.

EFSA BIOHAZ Panel, Allende, A., Alvarez-Ordonez, A., Bover-Cid, S., Chemaly, M.,
Davies, R., Cesare, A.D., Herman, L., Hilbert, F., Lindgvist, R., Nauta, M., Peixe, L.,
Ru, G., Simmons, M., Skandamis, P., Suffredini, E., Jenkins, C., Pires, S.M.,
Morabito, S., Niskanen, T., Scheutz, F., Messens, W., Bolton, D., Felicio, M.T.da S.,
2020. Pathogenicity assessment of Shiga toxin-producing Escherichia coli (STEC)
and the public health risk posed by contamination of food with STEC. EFSA J. 18,
05967 https://doi.org/10.2903/j.efsa.2020.5967.

Ercoli, L., Farneti, S., Ranucci, D., Scuota, S., Branciari, R., 2015. Role of
verocytotoxigenic Escherichia coli in the swine production chain. Ital. J. Food Saf.
https://doi.org/10.4081/ijfs.2015.5156.

International Journal of Food Microbiology 377 (2022) 109832

Ercoli, L., Farneti, S., Zicavo, A., Mencaroni, G., Blasi, G., Striano, G., Scuota, S., 2016.
Prevalence and characteristics of verotoxigenic Escherichia coli strains isolated from
pigs and pork products in Umbria and Marche regions of Italy. Int. J. Food Microbiol.
232, 7-14. https://doi.org/10.1016/j.ijffoodmicro.2016.05.002.

Fantelli, K., 2001. Prevalence and characteristics of shigatoxin-producing Escherichia
coli and listeria monocytogenes strains isolated from minced meat in Switzerland.

Int. J. Food Microbiol. 70, 63-69. https://doi.org/10.1016/50168-1605(01)00515-

3.

FAO/WHO, 2018. Shiga toxin-producing Escherichia coli (STEC) and food: attribution,
characterization, and monitoring: Microbiological Risk Assessment series 31. Food
and Agriculture Organization of the United Nations and World Health Organization,
Rome. ISSN 1726-5274. https://www.who.int/publications-detail-redirect/9789
241514279.

FAO/WHO STEC EXPERT GROUP, 2018. Hazard identification and characterization:
criteria for categorizing shiga toxin-producing Escherichia coli on a risk basis. 1
J. Food Prot. 82, 7-21. https://doi.org/10.4315/0362-028X.JFP-18-291.

Felmlee, T., Pellett, S., Welch, R.A., 1985. Nucleotide sequence of an Escherichia coli
chromosomal hemolysin. J. Bacteriol. https://doi.org/10.1128/jb.163.1.94-
105.1985.

Feng, P.C.H., Delannoy, S., Lacher, D.W., Bosilevac, J.M., Fach, P., Beutin, L., 2017.
Shiga toxin-producing serogroup 091 Escherichia coli strains isolated from food and
environmental samples. Appl. Environ. Microbiol. 83 https://doi.org/10.1128/
AEM.01231-17.

Fratamico, P.M., Bagi, L.K., Bush, E.J., Solow, B.T., 2004. Prevalence and
characterization of Shiga toxin-producing Escherichia coli in swine feces recovered
in the National Animal Health Monitoring System’s swine 2000 study. Appl.
Environ. Microbiol. 70, 7173-7178. https://doi.org/10.1128/AEM.70.12.7173-
7178.2004.

Heuvelink, A.E., Zwartkruis-Nahuis, J.T.M., Beumer, R.R., de Boer, D.E., 1999.
Occurrence and survival of verocytotoxin-producing Escherichia coli 0157 in meats
obtained from retail outlets in the Netherlands. J. Food Prot. 62, 1115-1122.
https://doi.org/10.4315/0362-028X-62.10.1115.

Honish, L., Punja, N., Nunn, S., Nelson, D., Hislop, N., Gosselin, G., Stashko, N.,
Dittrich, D., 2017. In: Escherichia coli 0157:H7 Infections Associated with
Contaminated Pork Products — Alberta, Canada, July—-October 2014, 65, p. 5.

Iacumin, L., Carballo, J., 2017. Microbial ecology of pork meat and pork products. In:
Sant’Ana, I. de S. (Ed.), Quantitative Microbiology in Food Processing: Modeling the
Microbial Ecology. John Wiley & Sons, Hoboken, NJ, pp. 463-482.

International commission on microbiological specifications for foods. In: ICMSF) (Ed.),
2018. Microbiological Hazards and their Control, in: Microorganisms in Foods 7:
Microbiological Testing in Food Safety Management. Springer International
Publishing, Cham, pp. 1-30. https://doi.org/10.1007/978-3-319-68460-4_1.

Iwu, C.J., Iweriebor, B.C., Obi, L.C., Okoh, A.L, 2016. Occurrence of non-0157 Shiga
toxin-producing Escherichia coli in two commercial swine farms in the eastern Cape
Province, South Africa. Comp. Immunol. Microbiol. Infect. Dis. 44, 48-53. https://
doi.org/10.1016/j.cimid.2015.12.004.

Ju, W, Shen, J., Li, Y., Toro, M.A., Zhao, S., Ayers, S., Najjar, M.B., Meng, J., 2012. Non-
0157 Shiga toxin-producing Escherichia coli in retail ground beef and pork in the
Washington D.C. Area. Food Microbiol. 32, 371-377. https://doi.org/10.1016/j.
fm.2012.07.017.

Jung, Y., Porto-Fett, A.C.S., Shoyer, B.A., Shane, L.E., Henry, E., Osoria, M.,
Luchansky, J.B., 2019. Survey of intact and nonintact raw pork collected at retail
Stores in the mid-Atlantic Region of the United States for the seven regulated
serogroups of Shiga toxin-producing Escherichia coli. J. Food Prot. 82, 1844-1850.
https://doi.org/10.4315/0362-028X.JFP-19-192.

Kaufmann, M., Zweifel, C., Blanco, M., Blanco, J.E., Blanco, J., Beutin, L., Stephan, R.,
2006. Escherichia coli 0157 and non-0157 Shiga toxin-producing Escherichia coli in
fecal samples of finished pigs at slaughter in Switzerland. J. Food Prot. 69, 260-266.
https://doi.org/10.4315/0362-028X-69.2.260.

Khan, S.B., Zou, G., Xiao, R., Cheng, Y., Rehman, Z.U., Ali, S., Memon, A.M., Fahad, S.,
Ahmad, I., Zhou, R., 2018. Prevalence, quantification and isolation of pathogenic
Shiga toxin Escherichia coli 0157:H7 along the production and supply chain of pork
around Hubei Province of China. Microb. Pathog. 115, 93-99. https://doi.org/
10.1016/j.micpath.2017.12.019.

Lee, J.B., Han, D., Lee, H.T., Wi, S.M., Park, J.H., Jo, J., Cho, Y.-J., Hahn, T.-W., Lee, S.,
Kang, B., Kwak, H.S., Kim, J., Yoon, J.W., 2018. Pathogenic and phylogenetic
characteristics of non-0157 Shiga toxin-producing Escherichia coli isolates from
retail meats in South Korea. J. Vet. Sci. 19, 251. https://doi.org/10.4142/
jvs.2018.19.2.251.

Li, R., Tan, X., Xiao, J., Wang, H., Liu, Z., Zhou, M., Bi, W., Miyamoto, T., 2016.
Molecular screening and characterization of Shiga toxin-producing Escherichia coli
in retail foods. Food Control 60, 180-188. https://doi.org/10.1016/j.
foodcont.2015.07.045.

Magwedere, K., Dang, H.A., Mills, E.W., Cutter, C.N., Robers, E.L., DeBroy, C., 2013.
Incidence of Shiga toxin-producing Escherichia coli strains in beef, pork, chicken,
deer, boar, bison, and rabbit retail meat. J. Vet. Diagn. Invest. 25, 254-258. https://
doi.org/10.1177/1040638713477407.

Martins, R.P., Silva, M.C.da, Dutra, V., Nakazato, L., Leite, D.da S., 2011. Prevalence of
enterotoxigenic and Shiga toxin-producing Escherichia coli in pigs slaughtered in
Mato Grosso, Brazil. J. Infect. Dev. Ctries. 5, 123-127. https://doi.org/10.3855/
jide.1217.

Mellmann, A., Fruth, A., Friedrich, A.W., Wieler, L.H., Harmsen, D., Werber, D.,
Middendorf, B., Bielaszewska, M., Karch, H., 2009a. Phylogeny and disease
association of Shiga Toxin—-producing Escherichia coli 091. Emerg. Infect. Dis. 15,
1474-1477. https://doi.org/10.3201/eid1509.090161.


https://www.albertahealthservices.ca/news/releases/2018/Page14457.aspx
https://www.albertahealthservices.ca/news/releases/2018/Page14457.aspx
https://doi.org/10.1002/vms3.175
https://doi.org/10.1016/j.meatsci.2010.04.019
https://doi.org/10.1016/j.meatsci.2010.04.019
https://doi.org/10.1016/j.resmic.2010.11.008
https://doi.org/10.1016/j.resmic.2010.11.008
https://doi.org/10.1016/j.ijfoodmicro.2015.01.018
https://doi.org/10.3389/fmicb.2016.00574
https://doi.org/10.4081/ijfs.2015.4511
https://doi.org/10.4081/ijfs.2017.6584
http://refhub.elsevier.com/S0168-1605(22)00304-X/rf202207080709368364
http://refhub.elsevier.com/S0168-1605(22)00304-X/rf202207080709368364
http://refhub.elsevier.com/S0168-1605(22)00304-X/rf202207080709368364
http://refhub.elsevier.com/S0168-1605(22)00304-X/rf202207080701526378
http://refhub.elsevier.com/S0168-1605(22)00304-X/rf202207080701526378
http://refhub.elsevier.com/S0168-1605(22)00304-X/rf202207080701526378
http://refhub.elsevier.com/S0168-1605(22)00304-X/rf202207080701526378
https://doi.org/10.1016/S0923-2508(03)00028-7
https://doi.org/10.1016/S0923-2508(03)00028-7
https://doi.org/10.1016/S0168-1605(01)00614-6
https://doi.org/10.1016/S0168-1605(01)00614-6
https://doi.org/10.1046/j.1472-765x.2001.00868.x
https://doi.org/10.1128/microbiolspec.EHEC-0014-2013
https://doi.org/10.1128/microbiolspec.EHEC-0014-2013
https://doi.org/10.1016/j.ijfoodmicro.2017.10.017
https://doi.org/10.3389/fmicb.2016.00093
https://doi.org/10.3389/fmicb.2016.00093
https://doi.org/10.2903/j.efsa.2020.5967
https://doi.org/10.4081/ijfs.2015.5156
https://doi.org/10.1016/j.ijfoodmicro.2016.05.002
https://doi.org/10.1016/S0168-1605(01)00515-3
https://doi.org/10.1016/S0168-1605(01)00515-3
https://www.who.int/publications-detail-redirect/9789241514279
https://www.who.int/publications-detail-redirect/9789241514279
https://doi.org/10.4315/0362-028X.JFP-18-291
https://doi.org/10.1128/jb.163.1.94-105.1985
https://doi.org/10.1128/jb.163.1.94-105.1985
https://doi.org/10.1128/AEM.01231-17
https://doi.org/10.1128/AEM.01231-17
https://doi.org/10.1128/AEM.70.12.7173-7178.2004
https://doi.org/10.1128/AEM.70.12.7173-7178.2004
https://doi.org/10.4315/0362-028X-62.10.1115
http://refhub.elsevier.com/S0168-1605(22)00304-X/rf202207080708452082
http://refhub.elsevier.com/S0168-1605(22)00304-X/rf202207080708452082
http://refhub.elsevier.com/S0168-1605(22)00304-X/rf202207080708452082
http://refhub.elsevier.com/S0168-1605(22)00304-X/rf202207080708326298
http://refhub.elsevier.com/S0168-1605(22)00304-X/rf202207080708326298
http://refhub.elsevier.com/S0168-1605(22)00304-X/rf202207080708326298
https://doi.org/10.1007/978-3-319-68460-4_1
https://doi.org/10.1016/j.cimid.2015.12.004
https://doi.org/10.1016/j.cimid.2015.12.004
https://doi.org/10.1016/j.fm.2012.07.017
https://doi.org/10.1016/j.fm.2012.07.017
https://doi.org/10.4315/0362-028X.JFP-19-192
https://doi.org/10.4315/0362-028X-69.2.260
https://doi.org/10.1016/j.micpath.2017.12.019
https://doi.org/10.1016/j.micpath.2017.12.019
https://doi.org/10.4142/jvs.2018.19.2.251
https://doi.org/10.4142/jvs.2018.19.2.251
https://doi.org/10.1016/j.foodcont.2015.07.045
https://doi.org/10.1016/j.foodcont.2015.07.045
https://doi.org/10.1177/1040638713477407
https://doi.org/10.1177/1040638713477407
https://doi.org/10.3855/jidc.1217
https://doi.org/10.3855/jidc.1217
https://doi.org/10.3201/eid1509.090161

M. Haque et al.

Montville, R., Chen, Y., Schaffner, D.W., 2001. Glove barriers to bacterial cross-
contamination between hands to food. J. Food Prot. 64, 845-849. https://doi.org/
10.4315/0362-028x-64.6.845.

Moxley, R.A., Acuff, G.R., 2014. Peri- and postharvest factors in the control of Shiga
toxin-producing Escherichia coli in beef. Microbiol. Spectr. 2 https://doi.org/
10.1128/microbiolspec. EHEC-0017-2013.

Nastasijevic, 1., Schmidt, J.W., Boskovic, M., Glisic, M., Kalchayanand, N., Shackelford, S.
D., Wheeler, T.L., Koohmaraie, M., Bosilevac, J.M., 2020. Seasonal prevalence of
Shiga toxin-producing Escherichia coli on pork carcasses for three steps of the
harvest process at two commercial processing plants in the United States. Appl.
Environ. Microbiol. 87, e01711-e01720. https://doi.org/10.1128/AEM.01711-20.

National Advisory Committee On Microbiological Criteria For Foods, 2019. Response to
questions posed by the Food and Drug Administration regarding virulence factors
and attributes that define foodborne shiga toxin-producing Escherichia coli (STEC)
as severe human pathogens. Adopted 7 August 2018, Washington, D.C. J. Food Prot.
82, 724-767. https://doi.org/10.4315/0362-028X.JFP-18-479.

Ojo, O.E., Ajuwape, A.T.P., Otesile, E.B., Owoade, A.A., Oyekunle, M.A., Adetosoye, A.L,
2010. Potentially zoonotic shiga toxin-producing Escherichia coli serogroups in the
faeces and meat of food-producing animals in Ibadan, Nigeria. Int. J. Food Microbiol.
142, 214-221. https://doi.org/10.1016/j.ijfoodmicro.2010.06.030.

Remfry, S.E., Amachawadi, R.G., Shi, X., Bai, J., Tokach, M.D., Dritz, S., Goodband, R.D.,
DeRouchey, J.M., Woodworth, J.C., Nagaraja, T.G., 2020. Shiga toxin-producing
Escherichia coli in feces of finisher pigs: Isolation. Identification and Public Health
Implications of Major and Minor Serogroups, J. Food Prot. https://doi.org/10.4315/
JFP-20-329.

Scott, M.E., Mbandji, E., Buchanan, S., Abdelmajid, N., Gonzalez-Rivera, C., Hale, K.R.,
Jacobsen, L., Webb, J., Green, J., Dolan, P., 2020. Salmonella and Shiga toxin-
producing Escherichia coli in products sampled in the Food Safety and Inspection
Service raw pork baseline study. J. Food Prot. 83, 552-559. https://doi.org/
10.4315/0362-028X.JFP-19-360.

Smith, J.L., Fratamico, P.M., Gunther, N.W., 2014. Chapter three - shiga toxin-producing
Escherichia coli. In: Sariaslani, S., Gadd, G.M. (Eds.), Advances in Applied
Microbiology. Academic Press, pp. 145-197. https://doi.org/10.1016/B978-0-12-
800262-9.00003-2.

Sugiyama, K., Inoue, K., Sakazaki, R., 2001. Mitomycin-supplemented washed blood agar
for the isolation of Shiga toxin-producing Escherichia coli other than 0157:H7. Lett.
Appl. Microbiol. 33, 193-195. https://doi.org/10.1046/j.1472-765x.2001.00974.x.

Tseng, M., Fratamico, P.M., Manning, S.D., Funk, J.A., 2014. Shiga toxin-producing
Escherichia coli in swine: the public health perspective. Anim. Health Res. Rev. 15,
63-75. https://doi.org/10.1017/51466252313000170.

International Journal of Food Microbiology 377 (2022) 109832

Tseng, M., Fratamico, P.M., Bagi, L., Manzinger, D., Funk, J.A., 2015. Shiga toxin-
producing E. Coli (STEC) in swine: prevalence over the finishing period and
characteristics of the STEC isolates. Epidemiol. Infect. 143, 505-514. https://doi.
org/10.1017/50950268814001095.

United States Department of Agriculture, Food Safety and Inspection Service, 2011.
Shiga Toxin-Producing Escherichia coli in Certain Raw Beef Products - Federal
Register 76:723321. https://www.federalregister.gov/documents/2011/11/23/
2011-30271/shiga-toxin-producing-escherichia-coli-in-certain-raw-beef-products
(accessed 5.11.21).

United States Department of Agriculture, Food Safety and Inspection Service, 2018.
Compliance Guideline for the Prevention and Control of Trichinella and Other
Parasitic Hazards in Pork Products. Available at: https://www.fsis.usda.gov/wps/wc
m/connect/2ca75475-3efd-4fa7-8f34-7393c245aldf/Trichinella-Compliance-Guid
€-03162016.pdf?MOD=AJPERES (accessed 4.11.20).

Villani, F., Russo, F., Blaiotta, G., Moschetti, G., Ercolini, D., 2005. Presence and
characterisation of verotoxin producing E. Coli in fresh italian pork sausages, and
preparation and use of an antibiotic-resistant strain for challenge studies. Meat Sci.
70, 181-188. https://doi.org/10.1016/j.meatsci.2004.12.010.

Wachtel, M.R., Mcevoy, J.L., Luo, Y., Williams-Campbell, A.M., Solomon, M.B., 2003.
Cross-contamination of lettuce (Lactuca sativa L.) with Escherichia coli 0157:H7 via
contaminated ground Beeff. J. Food Prot. 66, 1176-1183. https://doi.org/10.4315/
0362-028X-66.7.1176.

Werber, D., Beutin, L., Pichner, R., Stark, K., Fruth, A., 2008. Shiga toxin—producing
Escherichia coli serogroups in food and patients, Germany. Emerg. Infect. Dis. 14,
1803-1806. https://doi.org/10.3201/eid1411.080361.

Wilson, D., Dolan, G., Aird, H., Sorrell, S., Dallman, T.J., Jenkins, C., Robertson, L.,
Gorton, R., 2018. Farm-to-fork investigation of an outbreak of Shiga toxin-producing
Escherichia coli 0157. Microb. Genomics 4. https://doi.org/10.1099/
mgen.0.000160.

Xia, X., Meng, J., McDermott, P.F., Ayers, S., Blickenstaff, K., Tran, T.-T., Abbott, J.,
Zheng, J., Zhao, S., 2010. Presence and characterization of Shiga toxin-producing
Escherichia coli and other potentially Diarrheagenic E. Coli strains in retail meats.
Appl. Environ. Microbiol. 76, 1709-1717. https://doi.org/10.1128/AEM.01968-09.

Zhang, S., Zhu, X., Wu, Q., Zhang, J., Xu, X., Li, H., 2015. Prevalence and
characterization of Escherichia coli 0157 and 0157:H7 in retail fresh raw meat in
South China. Ann. Microbiol. 65, 1993-1999. https://doi.org/10.1007/513213-015-
1037-x.

Zhang, H., Yamamoto, E., Murphy, J., Carrillo, C., Locas, A., 2021. Shiga toxin-producing
Escherichia coli (STEC) and STEC-associated virulence genes in raw ground pork in
Canada. J. Food Prot. 84, 1956-1964. https://doi.org/10.4315/JFP-21-147.


https://doi.org/10.4315/0362-028x-64.6.845
https://doi.org/10.4315/0362-028x-64.6.845
https://doi.org/10.1128/microbiolspec.EHEC-0017-2013
https://doi.org/10.1128/microbiolspec.EHEC-0017-2013
https://doi.org/10.1128/AEM.01711-20
https://doi.org/10.4315/0362-028X.JFP-18-479
https://doi.org/10.1016/j.ijfoodmicro.2010.06.030
https://doi.org/10.4315/JFP-20-329
https://doi.org/10.4315/JFP-20-329
https://doi.org/10.4315/0362-028X.JFP-19-360
https://doi.org/10.4315/0362-028X.JFP-19-360
https://doi.org/10.1016/B978-0-12-800262-9.00003-2
https://doi.org/10.1016/B978-0-12-800262-9.00003-2
https://doi.org/10.1046/j.1472-765x.2001.00974.x
https://doi.org/10.1017/S1466252313000170
https://doi.org/10.1017/S0950268814001095
https://doi.org/10.1017/S0950268814001095
https://www.federalregister.gov/documents/2011/11/23/2011-30271/shiga-toxin-producing-escherichia-coli-in-certain-raw-beef-products
https://www.federalregister.gov/documents/2011/11/23/2011-30271/shiga-toxin-producing-escherichia-coli-in-certain-raw-beef-products
https://www.fsis.usda.gov/wps/wcm/connect/2ca75475-3efd-4fa7-8f34-7393c245a1df/Trichinella-Compliance-Guide-03162016.pdf?MOD=AJPERES
https://www.fsis.usda.gov/wps/wcm/connect/2ca75475-3efd-4fa7-8f34-7393c245a1df/Trichinella-Compliance-Guide-03162016.pdf?MOD=AJPERES
https://www.fsis.usda.gov/wps/wcm/connect/2ca75475-3efd-4fa7-8f34-7393c245a1df/Trichinella-Compliance-Guide-03162016.pdf?MOD=AJPERES
https://doi.org/10.1016/j.meatsci.2004.12.010
https://doi.org/10.4315/0362-028X-66.7.1176
https://doi.org/10.4315/0362-028X-66.7.1176
https://doi.org/10.3201/eid1411.080361
https://doi.org/10.1099/mgen.0.000160
https://doi.org/10.1099/mgen.0.000160
https://doi.org/10.1128/AEM.01968-09
https://doi.org/10.1007/s13213-015-1037-x
https://doi.org/10.1007/s13213-015-1037-x
https://doi.org/10.4315/JFP-21-147

	A review of Shiga-toxin producing Escherichia coli (STEC) contamination in the raw pork production chain
	A review of Shiga-toxin producing Escherichia coli (STEC) contamination in the raw pork production chain
	1 Introduction
	2 Review methodology and data scoping approach
	3 Live swine as a reservoir for STEC
	4 Prevalence of STEC in slaughtered swine and pork processing
	5 Prevalence and virulence factors of STEC in retail pork products
	6 Difficulties in comparing prevalence studies
	7 Conclusions
	Disclaimer
	Declaration of competing interest
	References


