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ABSTRACT

A cross-sectional study was conducted to determine the prevalence of, and factors associated with,
Shiga-toxin-producing Escherichia coli (STEC) in raw beef and ready-to-eat (RTE) beef products
sold in 31 retail outlets in Pretoria and environs, South Africa. A total of 463 beef and RTE samples
were screened for four STEC virulence genes (Stxi, stx, eaeA, HlyA) and seven O-serogroups (0113,
0157, 026, 091, 0145, O111 and O103) using multiplex PCR. The total aerobic bacteria count
(TAPC) per g was determined. A total of 38 STEC isolates were recovered and characterized by
conventional PCR and serotyping. The overall prevalence of STEC in the beef and RTE samples
tested was 16.4% (76/463; 95% CI 13-20%). The prevalence of STEC differed by product-type
(P<0.0001), with highest prevalence (35%) detected in boerewors (sausage); the prevalence in minced
beef, brisket, RTE cold beef and biltong was 18%, 13%, 9% and 5% respectively. The most
frequently detected genotype of stx was Stxo (13%), and STEC serogroups from recovered isolates
were detected at the following prevalences: 02 (15%), O8 (12%), O13 (15%), 020 (8%), 024 (3%),
039 (3%), 041 (8%), O71 (3%), 076 (3%) 0150 (12%) and 0174 (3%), A high proportion (77%) of
the samples had TAPC that exceeded the South African microbiological standards for meat export
(5.0 logio CFU/g). This study demonstrates the prevalence of O157 (16%) and a diversity of non-
0157 STEC serogroups detected in five common beef-based products from retail outlets in South
Africa, suggesting their exposure to multiple contamination sources during carcass processing and/or
cutting and handling at retail outlets. This provides a direct estimate of the potential risk posed to
consumers of under-cooked contaminated products and indicates the need to improve sanitary
practices during slaughter and processing of beef and beef-based RTE products. It may be prudent to

institute a risk-based surveillance system for STEC.
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Despite growing international awareness and concerns about food safety, zoonotic foodborne diseases
remain a significant risk to global health. It has been estimated that up to 61% of infectious diseases
in humans have been associated with zoonotic agents (5, 25). Furthermore, about 75% of new
emerging or re-emerging human diseases have been linked to pathogens originating from animals or
products of animal origin (26, 52). Livestock act as asymptomatic carrier and reservoir host of
important enteric foodborne bacterial organisms (56).

Shiga-toxin-producing Escherichia coli (STEC) is a zoonotic foodborne enteric bacterial
pathogen that can cause both sporadic and epidemic disease in human. Globally, STEC has been
estimated to cause 2,801,000 acute illnesses, 3890 cases of hemolytic uremic syndrome (HUS), 270
cases of permanent end stage renal disease (ESRD), and 230 deaths annually (36). Symptoms range
from mild diarrhea to haemorrhagic colitis (HC) with intense bloody diarrhea and in 5-10% of severe
cases progresses to haemolytic uremic syndrome (HUS) (14, 32). These symptoms are caused mainly
by the production of Shiga-toxins, which are phage-encoded ABs bacterial protein toxins that
comprise two major distinct subgroups, namely the stx; subgroup and the stx, subgroup (42).

Not all STEC strains are pathogenic, but STEC O157 and some non-O157 STEC strains are
unusually infectious because of their low infectious dose (10-100 cells), which has been attributed to
their capacity to survive in acidic environment (33, 52). This coupled with their association with
ruminants, particularly cattle as the principal reservoir make the organism an important food safety
threat. STEC strains have been associated with human disease through the consumption of
undercooked beef or beef-based products (32,39, 52), which have been contaminated by cattle feces
during slaughter or processing due to cross-contamination from the hide and to a lesser extent from
gut contents (25, 38). Non-O157 STEC are gaining relevance and certain serogroups have been
frequently associated with sporadic outbreaks, causing illness comparable in severity with O157-
induced disease (20,50). In South Africa and other southern African countries, the importance of the
pathogen has been highlighted in numerous clinical cases of diarrhea in children and adults between
2006-2013 in which a diverse range of STEC serogroups (04, OS5, 021, 026, 084, O111, O113,

0117 and O157) were incriminated (31, 58). A recent example was the report in South Africa in



which STEC 026:H11 was identified in a cluster of HUS cases in 2017 (57), thus indicating the
growing importance of this pathogen in the region.

Meat retail outlets also play an important role in transmission of STEC-contaminated raw
beef and ready-to-eat (RTE) beef products (2). This could arise at several stages such as during meat
cutting and further processing, for example, minced beef or sausages made from minced beef. A few
colonized livestock or contaminated carcasses could in turn contaminate a great quantity of ground
beef (17).

Few reports have been published on STEC-associated diseases linked to beef in South
Africa. However, because of the STEC-associated illness reports in other countries,
contamination of beef products may be a significant risk factor in South Africa. The
prevalence of STEC, particularly the non-O157 strains, in beef products and the risk they
pose to consumers of beef products in South Africa is largely unknown. Therefore, this study
was conducted to determine the prevalence and risk factors for STEC contamination in five
commonly consumed beef and beef-based products from butcheries and retail outlets (i) to
determine the microbial load (total aerobic plate count [TAPC]) and its relationship to STEC
prevalence and (ii) to characterize the STEC isolates regarding their serogroups and the

presence of virulence genes, with a focus on genes Stxi, Stx2, eaeA, and hlyA.

MATERIALS AND METHODS

Study design and sample size
A cross-sectional study was conducted using a list of red meat retail outlets in the Pretoria area. The
sample size for simple random sampling was calculated using the formula (60):

1962 Pesip (1 — Poyp)
= =

n

where P, is the expected prevalence (0.5) and d is the desired precision (0.05), giving a required

sample size of 385. To account for clustering (5 samples per outlet), this was multiplied by a design



effect of 1.2 (assuming an intra-cluster correlation coefficient of 0.05) to give a total sample size of
462.

Thirty-one retail outlets were selected by simple random sampling, stratified by
geographical location (north, south, central, east, and west Pretoria) and by size (large chain
supermarkets and butcheries), to ensure a representative sample (Table 1). Each outlet was
visited three times in 2016: autumn, winter, and summer. Sample type selection was based on
consumer preference (55) and included five types of popular beef and beef products in South
Africa. Of the five types of beef and beef products tested, three were raw beef: brisket,
minced beef, and boerewors, which is a South African fresh sausage always containing beef
(90%) and sometimes mutton, pork, or both and with 10% spices. Two of the products were
RTE cold beef (cold, cooked, and sliced) and biltong (dried, salted, and spiced). Based on
availability, a minimum of 50 g of each product was purchased from each outlet and

transported to the laboratory on ice.

Table 1. Red meat retail outlets in Pretoria, South Africa, that were sampled in a 1-year cross-
sectional study during autumn, winter, and summer

Large chain supermarkets Butcheries
Pretoria region No. of outlets  Total samples No. of outlets Total samples
Central 2 30 2 24
East 4 60 2 27
North 6 93 5 78
South 3 45 3 39
West 2 21 2 30
Total 17 249 14 198

Determination of TAPC
Tenfold serial dilutions of samples were made in phosphate-buffered saline, and the pour

plate method on plate count agar was used to determine TAPC. Aerobic bacteria were



enumerated with the viable plate count method. Any plate with >300 colonies was recorded
as too numerous to count at that dilution. Viable counts were expressed as CFU per gram
using the procedure described in ISO 4833:2003 (“Microbiology of Food and Animal
Feeding Stuffs—Horizontal Method for the Enumeration of Microorganisms—Colony-Count
Technique at 30 degrees C,” International Organization for Standardization, Geneva,
Switzerland).

Detection of STEC

All broth enrichment cultures were made following the Bacteriological Analytical Manual
protocol (23) with slight modifications. The sample (25 g) was aseptically weighed into a
sterile bag (Stomacher 400, Seward, Worthing, UK), 225 mL of buffered peptone water
modified with pyruvate (mBPWp; HiMedia Laboratories, Mumbai, India) was added, and the
sample was homogenized. The homogenate was incubated at 37 £ 1°C for 5 h as a
preenrichment step, 1 mL (per 225 mL of broth) of supplement was added (10 mg of
acriflavin, 10 mg of cefsulodin, and 8 mg of vancomycin; HiMedia Laboratories), and this

mixture was incubated at 42°C for 18 to 24 h.
Extraction of DNA template from broth cultures

A 1-mL aliquot of inoculated enrichment broth was incubated overnight and then transferred
into a 1.5-mL sterile centrifuge tube for DNA extraction using with a Quick-gDNA MiniPrep
Kit (Zymo Research, Irvine, CA) according to the manufacturer's instructions. The DNA

extracts were stored at —20°C and subsequently used for screening by PCR assay.
Multiplex PCR to detect virulence genes

Extracted DNA samples were analyzed for the presence of stxi, Stx2, eaeA, and hlyA genes
with a multiplex PCR (mPCR) method as previously described (48). The published
oligonucleotide primers Stxi, Stx2, eaeA, and hlyA were commercially synthesized (Inqaba
Biotechnologies, Pretoria, South Africa) and reconstituted to 100 uM. mPCR was conducted
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in a 25-uL. volume containing 2 to 4 uL of nucleic acid template (ca. 30 to 50 ng/uL. DNA),
12.5 pL of DreamTaq Green PCR Master Mix (2%; Thermo Fisher Scientific, Waltham, MA),
and 0.25 pM concentrations of each primer. The primer sequences, amplicon sizes, mPCR
thermocycler program, and the electrophoresis gel procedures were the same as previously

described (48).
Validation of PCR

The assay conditions were optimized using molecular control strains obtained from NICD-CED,
Johannesburg, South Africa (2014-2015 VTEC EQA—E. coli RR18-3022 O157, eaeA, StXia, StXoa)
and the enrichment control strain E. coli ATCC 43888 (O157:H7) stxi. The mPCR was validated by

Sanger sequencing of PCR products. Only broth enrichments that had stx, and/or stx, were considered

positive for STEC and used in molecular serotyping.
Multiplex PCR detection of STEC serogroups

All DNA from samples positive for Shiga toxin—encoding genes (StX) based on initial mPCR
screening were further evaluated for clinically relevant STEC serogroups, defined as
serogroups implicated in foodborne illnesses: O113, O157, 026, 091, 0145, O111, and
0103 (50, 62). We used a different mPCR assay as previously described (62) with slight
modifications. The published oligonucleotide primers were commercially synthesized
(Ingaba Biotechnologies) and reconstituted to 100 pM. The mPCR was carried out in a 25-uL
volume containing 2 to 4 pL of nucleic acid template (ca. 30 to 50 ng/uL DNA), 12.5 puL of
DreamTaq Green PCR Master Mix (2x), and 0.25 pM concentrations of each primer. The
thermocycler program (Mastercycler, Eppendorf Biotech, Hamburg, Germany) and gel

electrophoresis were previously described (48).
Isolation of STEC

Only broth enrichment cultures (76 of 463 samples, 16%) for which Stxi and/or Stxa were

detected by PCR were considered positive for STEC and selected for isolation. To isolate
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0157 STEC strains, an immunomagnetic separation protocol was used with anti-E. coli
0157 Dynabeads (Thermo Fisher Scientific) as recommended by the manufacturer. The
immunoconcentrated bacterial suspension was inoculated onto sorbitol MacConkey agar
(Oxoid, Basingstoke, UK) supplemented with 2.5 mg/L potassium tellurite and 0.05 mg/L
cefixime (HiMedia Laboratories). A 10-pL aliquot of the enriched broth sample was streaked
on a chromogenic agar (CHROMagar O157, CHROMagar, Paris, France) also supplemented
with 2.5 mg/L potassium tellurite and 0.05 mg/L cefixime. The plates were incubated for 24
to 30 h at 37°C. Representative colonies that exhibited different phenotypic characteristics
were selected from each plate and tested by latex agglutination (Remel Wellcolex E. coli
0157 rapid latex agglutination test, Thermo Fisher Scientific). The enrichment control strain
E. coli O157:H7 ATCC 43888 was also inoculated for phenotypic control and assessment.
All isolates identified as E. coli O157 were streaked onto nutrient agar and incubated
overnight at 37°C for confirmation by mPCR as described above.

To isolate non-O157 STEC, 10 pL of each enriched broth sample was streaked on
MacConkey agar with crystal violet and salt (Merck Millipore, Johannesburg, South Africa)
and onto CHROMagar STEC. Plates were incubated for 24 to 30 h, and representative
suspect colonies were streaked on nutrient agar plates for further biochemical testing using
the Remel Kovacs indole reagent (Thermo Fisher Scientific). For biochemical confirmation,
10 of the 16 nontypeable isolates were randomly selected and confirmed as E. coli using the
Vitek 2 compact system (bioMérieux, Marcy 1'Etoile, France). Indole-positive isolates were

further confirmed with the mPCR assay as described above for the broth enriched culture.
Conventional serotyping of isolates

Following PCR confirmation of STEC isolates, serotyping was conducted at the bacteriology
laboratory of the NICD-CED using the conventional serotyping method (47). Serotyping was

carried out only for the O-surface antigen (lipopolysaccharides) using the complete E. coli O-



pool of polyvalent antisera, the AA-WW antisera range from Statens Serum Institute
(Copenhagen, Denmark), according to the manufacturer's instruction. Saline was used as a
negative control, and 2014-2015 VTEC EQA-E. coli RR18-3022 O157 (eae, StxXia, Stx2a) was

used as positive control. Isolates were reported as either typeable or nontypeable.
Statistical Analysis

Conventional PCR results of the enrichment broth samples were used to estimate the
prevalence of STEC contamination. A sample was considered STEC positive when it was
positive for at least one of the stxi or stx2 genes. Prevalence was calculated by sample type
and serogroup, with 95% exact binomial confidence limits. Association of each potential risk
factor with STEC contamination was assessed by cross-tabulation, odds ratios (ORs), and the
Fisher's exact test. Factors considered were product type (biltong, boerewors, brisket, cold
beef, and minced beef), season (summer, winter, and autumn), geographic location (central,
east, north, south, and west Pretoria), and outlet type (large chain supermarkets and
butcheries). A multivariable logistic regression model was used to estimate the association of
each variable with STEC contamination, adjusting for confounding. The association between
TAPC quintiles and STEC contamination was assessed using cross-tabulation and Fisher's
exact test. Data were analyzed with Stata 14 (StataCorp, College Station, TX), and the

significance level was set at 5%.

RESULTS
Prevalence and risk factors of STEC
Of the 463 broth-enriched samples collected from 31 retail outlets, 16% (95% confidence
interval [CI]: 13 to 20%; 76 samples) were positive for one or more Stx genes with the mPCR
assay (Table 2). The highest STEC prevalence (35%) was observed in boerewors and then

minced beef (18%), and the lowest prevalence was in biltong (5%) (P < 0.001) (Table 2).
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Prevalence of contamination differed between beef sample types within the same season
(Table 3). Minced beef had the highest STEC prevalence (39%) in autumn, and boerewors
had the highest STEC prevalence in summer (47%). However, overall prevalence did not
differ among the three seasons (P = 0.369). STEC prevalence also differed by location (P =
0.024); beef products from east Pretoria had the highest prevalence of STEC (27%) of all five
locations. Prevalence did not differ significantly between butcheries (14%) and large chain
supermarkets (18%) (P = 0.136). Compared with other sample types, boerewors had the
highest STEC prevalence in both types of outlets: 37% in butcheries and 33% in large chain
supermarkets. In the multivariable logistic regression model (Table 4), the odds of STEC
contamination was significantly higher in boerewors (OR = 10; P < 0.001) and in minced
beef (OR = 4.0; P = 0.007) compared with biltong. Odds of STEC contamination also
differed significantly by location; odds were 4.3 times higher in east Pretoria than in central

Pretoria (P = 0.008).

Table 2. Overall prevalence and molecular serogroups of Shiga toxin-producing Escherichia coli (STEC)
detected in broth enriched culture of five beef sample types from retail outlets in Pretoria, South Africa

STEC Prevalence in total sample (N = 463)

Sample type N Freq % 95% Cl  stxi (%)  stx2 (%) eaeA (%) hlyA (%)
Brisket 88 11 13 6-21 10 6 14 5
Boerewors? 92 32 35 25-45 22 26 14 20
Mince 123 22 18 12-26 11 16 7 5
Cold beef® 68 6 9 3-18 6 6 3 0
Biltong 92 5 5 2-12 1 5 5 2
Total 463 76 16 6-21 10 13 9 6

Prevalence (%) of molecular serogroups in STEC positive samples (n = 76)
n 0113 0157 026 091 0145 0111 0103
Brisket 11 0 0 0 0 0 0 0
Boerewors? 32 19 16 3 3 0 0
Mince 22 23 23 5 0 9 0
Cold beef® 0 33 0 0 0 0
Biltong 40 0 20 0 0 0 0
Total 76 17 16 5 3 1 3 0

@Boerewors — raw south African spiced beef sausage

bCold beef — cold cooked sliced beef
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Table 3. Prevalence of Shiga-toxin-producing Escherichia coli (STEC) in different seasons in five

beef sample types from retail outlets in Pretoria, South Africa

Season Sample types N freq % 95% CI  stxq (%) stx2(%) eaeA (%) hlyA (%)

Autumn Brisket 25 2 8 1-26 4 8 0 0
Boerewors® 31 9 29 14-48 16 26 0 0
Mince 31 12 39 22-58 23 39 0 0
Cold beef® 19 0 0 0-0 0 0 0 0
Biltong 31 4 13 4-30 0 13 0
Total 137 27 20 13-27 9 19 0

Winter Brisket 38 6 16 6-31 16 5 0 0
Boerewors® 31 9 29 14-48 10 19 10 6
Mince 62 6 10 4-20 6 10 3 3
Cold beef® 32 6 19 7-36 13 13 0 0
Biltong 31 0 0 0-0 0 0 0 0
Total 194 27 14 9-20 9 9 3 3

Summer Brisket 25 3 12 3-31 8 4 48 16
Boerewors® 30 14 47 28-66 40 33 33 53
Mince 30 4 13 4-31 10 7 23 13
Cold beef® 17 0 0 0-0 0 0 12 0
Biltong 30 1 3 0-17 3 3 13 3
Total 132 22 17 11-24 14 11 27 19

@ Boerewors — raw South African spiced beef sausage

b Cold beef — cold, cooked, sliced beef
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Table 4. Multivariable logistic regression model of factors associated with Shiga-toxin-producing

Escherichia coli (STEC) contamination in retail outlets in Pretoria, South Africa

Variable Level Odds ratio (OR) 95% CI (OR) P value
Sample type Biltong 1*
Brisket 2.7 0.9- 8.0 0.086
Boerewors® 10 3.7-28 0.001
Cold beef® 1.5 0.4-5.0 0.512
Mince 4.0 1.5-11.7 0.007
Season Autumn 1*
Summer 0.8 04-1.5 0.459
Winter 0.6 03-12 0.173
Location Central 1*
East 4.3 1.5-12.1 0.008
North 1.5 0.5-43 0.472
South 2.6 09-79 0.082
West 1.8 0.5-6.0 0.365
Retail outlet Butchery 1*
Supermarket 1.4 0.8-2.4 0.240

* Boerewors — raw South African spiced beef sausage
b Cold beef — cold, cooked, sliced beef

*Reference Level

STEC prevalence and TAPC

Among the 341 samples evaluated for TAPCs, the highest median count was obtained in cold
beef (cold, cooked, and sliced; 6.75 log CFU/g) followed by minced beef (6.3 log CFU/g),
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and the lowest was obtained in brisket (5.53 log CFU/g). The majority (77%) of meat TAPCs
exceeded the South African microbiological standard for meat for export (5.0 log CFU/g)
(59). No association was found between TAPCs and STEC contamination for any of the

sample types.
Molecular serotyping of STEC

The 76 enrichment broths that were STEC positive by mPCR yielded seven STEC O
serogroup—associated genes (Table 2). Only 45% (34 of 76 samples) were positive for the O
group markers: serogroup O113 was predominant (17%; 13 samples) closely followed by
serogroup O157 (16%; 12 samples) (Table 2). Only one sample type (minced beef) contained
a combination of two O group markers (O113 and O157). Serogroup O103 was not detected

in any of the 76 samples tested.
Detection of virulence genes

The virulence profiles of the 76 broth-enriched cultures (Table 2) revealed that the most
common was StX2 (13%) followed by stxi: (10%). The prevalence of eaeA-positive samples
was highest in brisket (14%) and boerewors (14%). The combination Stx> and eaeA was
detected only once, in boerewors, and the combination Stxi, Stx2, and eaeA was detected only
twice, in minced beef. The combination of all four genes was detected only four times: once

in biltong and three times in boerewors.

13



Table 5. Description of molecular characteristics of Shiga-toxin-producing Escherichia coli (STEC)

isolates and serogroups in Pretoria, South Africa.

Sample type? Season Location Source” stx; stxo eaeA hlyA serogroup®  freq
Mince Autumn East B -+ - - ONT 1
Boerewors Autumn North L -+ - - 020 2
Mince Autumn South L -+ - - ONT 1
Biltong Winter  South B + + - - 041 2
Boerewors Autumn East L -+ - - ONT 1
Boerewors Autumn East L -+ - - 0178 1
Mince Autumn East L -+ - - 0178 2
Mince Autumn North B + + - - ONT 1
Mince Autumn North B + 4+ - - ONT 1
Mince Autumn North B -+ + - 0174 1
Brisket Autumn South L + - - - 013 1
Boerewors Autumn North L + + o+ - 0150 4
Boerewors Autumn North L + - - - 039 1
Boerewors Autumn North L + + - - 0150 1
Boerewors Autumn North L + 4+ - - ONT 2
Boerewors Autumn North L + + o+ - ONT 1
Biltong Autumn South L -+ - - 02 1
Mince Autumn East L -+ - - ONT 4
Mince Autumn East L -+ - - 071 1
Boerewors Autumn North B -+ - - ONT 1
Boerewors Winter  South B + 4+ - - ONT 1
Boerewors Winter  South B + - - - 076 1
Boerewors Summer West L -+ - + 08 1
Boerewors Summer West L -+ - + 024 3
Boerewors Autumn North L -+ - + ONT 1
Boerewors Autumn North L + + - - ONT 1

@Sample Types (Boerewors — raw South African spiced beef sausage)

®Source (L = large chain supermarket, B = butchery);

€ Serogroup (ONT — O-antigen not typeable)
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Serotyping and virulence profiles of STEC isolates

Of the 76 PCR-positive broth enrichment cultures, only 21% (16 samples) yielded isolates.
The 38 isolates were recovered from the following sample types: 50% from boerewors (8 of
16 total samples), 31% from minced beef (5 of 16), 13% from biltong (2 of 16), and 6% from
brisket (1 of 16). Only 26 samples (68.4%) were typeable according to previously published
methods (47), comprising 12 non-O157 O serogroups. Of the typeable isolates, the clinically
relevant serogroups detected were O2 (four isolates), O178 (three isolates), O8 (three
isolates), and O174 (one isolate). The frequency of stx genotypes for both typeable and
nontypeable isolates were as follows: 45% for stxi (17 isolates), 84% for stx2 (32 isolates),
24% for stxi plus stxz (9 isolates), 8% for the intimin-coding eaeA gene (3 isolates), and 13%
for the hylA gene encoding enterohemolysins (5 isolates). Only three distinct gene
combinations were noted in the virulence profiles: stxi, stxz, and eaeA (two isolates), stx2 and

eaeA (one isolate), and stx2 and hlyA (five isolates) (Table 5).
DISCUSSION

This study provides epidemiological data on the microbial quality of five common beef-based
products from butcheries and large chain supermarkets in Pretoria and nearby areas and the
STEC prevalence, virulence, and serogroups associated with these products. The molecular
analysis of the broth enrichment cultures revealed a 16% prevalence of STEC contamination,
which is important for food safety and provides a direct estimate of the potential risk posed to
consumers. This STEC prevalence in beef products may be indicative of the prevalence of the
pathogen in beef abattoirs where the products originated; contamination of beef carcasses
with STEC commonly occurs during hide removal and occasionally from gastrointestinal
tract spillage (38). However, contamination with STEC strains could also occur at the retail

outlets during processing and handling (11)..
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The mPCR for detecting STEC and virulence genes in broth cultures may be the best
method when isolation is not achievable or lacks sensitivity (11, 37). Our detection of STEC
in 16% of samples is comparable to the 15% prevalence reported in a PCR screening survey
of retail red meats in New Zealand (52). However, a wide range of prevalences has been
reported from other countries: 36.1% in Argentina (11), 8.4% in Italy (63), 11% in France
(51), and 0.1 to 54.2% in the United States (29, 53).

The fairly high prevalence of STEC in boerewors, minced beef, and fresh beef cuts could
pose a food safety risk to South African consumers given the prevalent braai (barbecue) culture (18),
where boerewors and fresh beef cuts are very popular (16, 55). Minced beef and boerewors may be
prepared from multiple carcasses; thus, a few colonized animals could contaminate a large quantity of
minced beef (17). Boerewors contains spices and often mutton, pork, or both, all of which may serve
as sources of STEC and other microbial contamination. These other components of boerewors may

have contributed to the high STEC prevalence and TAPCs detected in boerewors in this study.

The size of the retail outlets (large chain supermarket versus butcheries) where the
products were purchased did not have a significant effect on the prevalence of STEC in the
products. This finding is in agreement with that of studies on the prevalence of STEC in
products sold at supermarkets and butcheries, in which no significant differences between the
two retail sources were found in New Zealand (10), Ireland (12), and Namibia (44). Location
differences in STEC prevalence have been reported (40, 64), but the reason for a higher
STEC prevalence in east Pretoria than in other locations is unclear because abattoirs that
supply the retail outlets in this area get their cattle from multiple locations across Pretoria and

nearby areas.

Indicator bacteria on cattle carcasses and beef have been used to assess the hygiene
status of the processing area or butchery (50) based on multiple factors, including slaughter

hygiene, processing, and direct or indirect fecal contamination of beef. The TAPCs in 77% of
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the samples in the present study exceeded the maximum acceptable limit for meat for export
(59), which may indicate a risk with respect to meat hygiene along the beef chain from
abattoir to retail outlets. These samples also may have contained foodborne pathogens not
evaluated in the present study, and high TAPCs in raw meat and RTE meat has been
associated with the presence of pathogenic Staphylococcus (7, 60), Salmonella (4), and
Listeria (26, 54). Our findings are comparable to counts reported for red meat samples from
the deboning room of a high-throughput abattoir (7.2 log CFU/g) in Free State, South Africa
(43). Numerous factors have been associated with high microbial loads in beef and beef
products sold in retail outlets, including transfer of contamination from the hide surface to the
beef carcass during processing at abattoirs (3) and contact surface contamination from
working surfaces, knives, butchers' hands, etc., during processing (41). The lack of
association between TAPC and the prevalence of STEC in our study is an indication that
STEC contamination may occur regardless of the presence of indicator bacteria. However, in
some studies an association between TAPC and STEC contamination has been found (3). The
presence of STEC in commercially sold beef and RTE beef products that are deemed to have
met the stipulated microbiological standards in South Africa underscores the need for a risk-

based surveillance system specifically for STEC in food samples in South Africa..

The high prevalence of the STEC serogroups O113 (17%) and O157 (16%) in both
beef and beef-based products in the present study is of significance because both serogroups
have been frequently associated with disease outbreaks and occasional cases of hemolytic
uremic syndrome (8, 49). The relatively high prevalence of these two serogroups presents a
potential health threat. STEC O157 strains have been reported in retail beef in South Africa
(1), but to our knowledge this is the first report of serogroup O113 from retail beef, although
it has been associated with human disease in this country (31). Serogroup O113 is the most

common STEC serogroup found in beef in the United States (9, 22).
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Of the 38 STEC isolates recovered in our study, only 3 yielded two unique
combinations: stxi, stx2, and eaeA (2 isolates) in association with serotypes O150 and O
nontypeable, and stxo and eaeA (1 isolate) in association with serotype O174. The
pathogenicity of other isolates remains unclear because the present study did not include
evaluation of an important adherence factor coded by the aggR regulatory gene or other
putative factors such as saa, IpfA, and ampA (24). Not all STEC strains are pathogenic, and a
combination of stx2 and an adhesion factor, principally the intimin protein (eaeA) or the aggR
regulatory gene (6, 24), has been recommended as a sufficient predictor of health risk or
pathogenicity.

In the present study, isolates belonging to non-O157 serogroups were recovered, but
none belonged to the frequently isolated non-O157 “big six” (026, 045, 0103, O111, O121,
and O145 in the United States and 026, 0103, O111, and 0145 in Europe) (50), which cause
illnesses comparable to those caused by O157 strains. Mainga et al. (35) found big-six
serogroups (026, 045, 0103, O121, O145, and O157) in cattle feces in South Africa;
however, none of these serogroups were detected in our study. We identified four non-O157
serogroups of clinical relevance: O8, 0174, O178, and O2. Serogroup O8 is ranked among
the 20 most commonly isolated serogroups associated with human disease in Europe (20) and
the United States (14, 50). This serogroup has also been reported in pigs (27) and in human
stool samples (30) in South Africa. Serogroups O174 and O178 detected in minced beef and
boerewors in our study have also been documented in the same type of beef products in
Argentina (34) and have been implicated in human clinical cases in the United States (14,
50). Serogroup O2 has been recovered in pasteurized and raw milk in South Africa (46).
Although none of these four non-O157 STEC serogroups detected in our study have been
isolated from clinical cases in South Africa, they may be emerging foodborne pathogens,

given that STEC serogroups differ across geographic regions (40).
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The 38 isolates in this study were recovered from only 16 PCR-positive broth
cultures. This low rate of recovery of STEC isolates from food has been reported previously
(11, 45, 63) and could be owing to several factors, including low numbers of cells and
competing microflora in food samples (51, 53), cell stress or sublethal cell injury (21, 28 ),
and the high sensitivity of the PCR assay, which can detect free Stx-carrying phages in meat
samples (51, 53). Hence, caution is needed when interpreting the low recovery of STEC
isolates, including our failure to recover STEC O157. For the isolation of non-O157 STEC,
the use of O group—specific immunomagnetic separation beads for serotypes 026, 045,
0103, O111, 0121, and 145 could have increased our recovery of these big six serogroups.
Further testing of the stx-negative samples, e.g., by whole genome sequencing, could have
improved the sensitivity of detection in this study.

In conclusion, our study revealed a high prevalence of a serologically diverse group
of STEC strains in raw beef and RTE beef products sold in retail outlets in the Pretoria area
in South Africa. Serogroups O113 and O157 were predominant, indicating a potential food
safety risk to consumers. Minced beef and boerewors had the highest risk of being vehicles of
STEC transmission to consumers. The evaluated samples were contaminated with 12
serogroups, including 5 that have not previously been reported in cattle or beef in South
Africa. Our study demonstrates the need for a risk-based surveillance system that focuses on
identifying specific foodborne pathogens in the beef chain (13).
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