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Abstract 

Shiga toxin-producing Escherichia coli (STEC) is a pathotype of E. coli that causes enteric and systemic diseases rang‑
ing from diarrhoea to severe hemorrhagic colitis (HC) and hemolytic uremic syndrome (HUS). The emergence of 
multidrug-resistant (MDR) STEC from cattle sources has increased public health risk and limited treatment options. 
The prevalence of STEC was investigated in 200 raw food samples (milk and beef samples) and 200 diarrheic samples 
(cattle and human samples) in a matched region. The presence of stx genes (stx1 and stx2), carbapenemase-encoding 
genes (blaVIM, blaNDM-1, and blaIMP), and extended-spectrum β-lactamase (ESBL)-encoding genes (blaTEM group, blaCTX-

M1 group, and blaOXA-1 group) was screened by polymerase chain reaction (PCR). Antibiogram and Enterobacterial 
repetitive intergenic consensus (ERIC)-PCR were also conducted. STEC isolates were identified in 6.5% (13/200) of food 
samples [6% (6/100) of milk and 7% (7/100) of beef samples] and in 11% (22/200) of diarrheic cases [12% (12/100) of 
cattle and 10% (10/100) of human samples]. We found that O26 (4.5%, 18/400) and O111 (1.5%, 6/400) were the most 
prevalent STEC serovars and were found more commonly in diarrheic samples. STEC strains with both stx genes, stx2 
only, and stx1 only genotypes were present in 62.9% (22/35), 20% (7/35), and 17.1% (6/35) of isolates, respectively. 
Carbapenemase-producing STEC (CP STEC) isolates were found in 1.8% (7/400) of samples [0.5% (1/200) of foods and 
3% (6/200) of diarrheic cases]. The blaVIM gene was detected in all CP STEC isolates, and one human isolate carried the 
blaNDM-1 gene. ESBL-producing STEC strains were detected in 4.3% (17/400) of samples [1.5% (3/200) of food samples 
and 7% (14/200) of diarrheic cases]. The blaTEM, blaCTX-M1, and blaOXA-1 genes were detected in 42.9% (15/35), 28.6% 
(10/35), and 2.9% (1/35) of STEC isolates, respectively. Approximately half (51.4%, 18/35) of STEC isolates were MDR 
STEC; all CP STEC and ESBL-producing STEC were also MDR STEC. The highest antimicrobial resistance rates were 
found against nalidixic acid (51.4%) and ampicillin (48.6%), whereas the lowest rates were reported against gen‑
tamicin (5.7%) and ciprofloxacin (11.4%). MDR STEC strains were 5.3 times more likely to be found in diarrheic cases 
than in foods (P = 0.009, 95% CI 1.5–18.7). ERIC-PCR was used for genotyping STEC isolates into 27 different ERIC-types 
(ETs) with a discrimination index of 0.979. Five ETs showed clusters of 2–4 identical isolates that shared the same 
virulence and antibiotic resistance genetic profile. Human isolates matched food isolates in two of these ET clusters 
(the O26 CP STEC cluster and the O111 STEC cluster), highlighting the potential cross-species zoonotic transmission 
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Introduction
Shiga toxin-producing Escherichia coli (STEC) strains are 
among the most important causes of foodborne illness 
worldwide [1]. Human infection with these pathogens 
may result in clinical illness ranging from self-limiting 
diarrhoea to life-threatening hemolytic uremic syndrome 
(HUS) [2]. Cattle are attributed to most zoonotic human 
STEC cases worldwide [1–3]. These animals are the main 
reservoir of O157 STEC and some important non-O157 
STEC such as O26, O111, O113, and O103 [1–4]. E. coli 
O157:H7 is the predominant STEC serotype associated 
with human disease and the leading cause of HUS [1, 
3]. However, O26, O111, and O103 are also involved in 
severe human diseases occurring worldwide [1, 3, 5, 6]. 
Most STEC serotypes cause no illness in cattle; however, 
some serotypes, including O157, O26, O5, and O113, 
cause diarrhoea, particularly in young calves [7]. Cat-
tle may transmit STEC infections to humans through 
the consumption of raw or inadequately cooked beef (or 
products), raw or poorly pasteurized milk (or products), 
vegetables contaminated by their feces, and via direct 
occupational contact with live carrier animals or their 
raw products [1, 2, 8].

Antimicrobial-resistant pathogens are one of the most 
threatening public health problems and are predicted to 
cause the death of 10 million people annually by 2050 [9]. 
STEC isolates that carry extended-spectrum β-lactamase 
(ESBL)-producing genes were reported in humans and 
cattle sources worldwide [10–13]. These ESBL-produc-
ing genes confer resistance to a wide range of β-lactams, 
which are the most commonly used antibiotics in clini-
cal and veterinary practices. Additionally, carbapen-
emase reports (Metallo-β-lactamase)-producing clinical 
E. coli isolates in humans are increasing worldwide [14, 
15]. This is a more pressing public health concern since 
carbapenemases, which hydrolyze carbapenems, have 
been used as a last resort against multidrug-resistant 
(MDR) pathogens. This is critical for STEC because 
meropenem (MEM, a carbapenem) is recommended to 
treat early-stage STEC human infections to prevent HUS 
and subsequent kidney damage [9]. The emergence of 
carbapenemase-producing STEC (CP STEC) indicates 
that these isolates could progress to life-threatening dis-
eases with limited treatment options. Carbapenems are 
not used in veterinary practices; however, recent reports 
have identified carbapenemase-carrying E. coli in clinical 

cattle cases [16, 17]. This emergence of CR in cattle iso-
lates may be attributed to either natural selection in the 
environment or to a human source through the cross-
species transmission of these pathogens or their genetic 
determinants [14, 17]. The potential zoonotic transmis-
sion of these pathogens warrants monitoring for CP-E. 
coli in the cattle food chain and other clinical sources. 
Egypt is part of the Middle East, and this region has the 
highest annual incidence rates of human STEC cases 
(152.6/105 people/year; 160 HUS cases) compared with 
other areas worldwide [8].

Furthermore, STEC isolates were recovered from cat-
tle sources, including clinical cases and foods in Egypt 
[13, 18]. Some of these isolates showed a variable degree 
of antibiotic resistance; however, there are no data on 
CP STEC isolates obtained from cattle sources. There-
fore, this study aimed to (1) investigate the occurrence of 
β-lactam-resistant (including carbapenems) STEC in raw 
foods of cattle origin (raw beef and milk), diarrheic cattle 
cases, and diarrheic human cases sharing the same geo-
graphical region in Egypt; (2) detect the molecular deter-
minants of their resistance; and (3) define the genetic 
relatedness or diversity of the isolates for evidence of 
potential inter- and cross-species (zoonotic) transmission 
in the study region.

Materials and methods
Sampling
Samples were collected from various foods, diarrheic cat-
tle, and diarrheic humans in several Kafrelsheikh gover-
norate districts in the mid-Delta region of Egypt during 
the period between March and August 2016. A total of 
400 samples were collected, including (1) 200 food sam-
ples (100 raw beef and 100 raw milk samples) collected 
from retail markets; approximately 250–500 (mL or 
g) were purchased of each food sample; (2) rectal swab 
samples collected from 100 diarrheic cattle cases (two 
swabs per case) admitted to private veterinary clinics in 
different regions of the Kafrelsheikh governorate; and (3) 
swab samples collected from the fresh stool of 100 diar-
rheic humans (two swabs per case) admitted to the Kaf-
relsheikh general hospital and six private laboratories in 
different districts. Diarrheic cases were defined as those 
with more than three loose stools or feces within 24  h. 
All swab samples were collected from diarrheic cases 
(humans or cattle) before initiating antibiotic therapy. 

of these pathogens and/or their genes in the study region. This is the first detection of CP STEC in milk and diarrheic 
cattle in Egypt.

Keywords:  Shiga toxin-producing Escherichia coli, Carbapenemase genes, Extended-spectrum β-lactamase genes, 
Multidrug-resistant, Cattle, Public health risk
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The samples were shipped while chilled in an icebox to 
the laboratory for further analysis.

Escherichia coli isolation
After arriving to the lab, the collected samples were 
enriched in Tryptone Soy broth (TSB; Oxoid, Hampshire, 
UK) and TSB with 20 mg/L Novobiocin (mTSB for O157; 
Oxoid, Hampshire, UK). The rectal/stool swabs were 
enriched in 10 ml of TSB/mTSB broth. The meat samples 
were homogenized in TSB/mTSB broth (25  g/225  mL 
broth) for 2  min at 230  rpm using a Stomacher® 400 
Circulator (Seward, Worthing, UK). Twenty-five millilit-
ers of each milk sample was enriched in 225 ml of TSB/
mTSB broth. The inoculated broths of all samples were 
incubated at 37 °C for 6–18 h. Loopfuls from the enrich-
ment tubes were spread on MacConkey agar, Eosin 
Methylene Blue (EMB agar), and Sorbitol MacConkey 
agar with Cefixime-Tellurite supplement (CT-SMAC for 
O157). All media were supplied by Oxoid (Hampshire, 
UK). The inoculated plates were incubated at 37  °C for 
18–24 h. Suspected E. coli colonies were confirmed bio-
chemically using API-20E (bioMérieux, Marcy-l’Etoile, 
France).

Molecular identification and serotyping of STEC isolates
The STEC isolates were identified by the molecular detec-
tion of the stx1 and stx2 genes, as described before [19]. 
In brief, bacterial DNA was extracted from the overnight 
incubated TSB culture using a QIAamp DNA Mini Kit 

(Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. Duplex PCR was conducted to detect 
the stx1 and stx2 genes [20] using a mixture consisting 
of 25 μL of EmeraldAmp MAX PCR master mix (Takara 
Bio, Kusatsu, Japan), one μL (20  pmol) of each primer, 
five μL of DNA template (~ 100 ng), and water to reach 
a final reaction volume of 50 μL. The PCR cycling started 
with an initial denaturation at 94 °C for 7 min; 35 cycles 
of 94 °C for 1 min, 60 °C for 1 min, and 72 °C for 2 min; 
and a final extension at 72  °C for 10  min. The primer 
sequences (Metabion, Steinkirchen, Germany) are shown 
in Table 1. The E. coli O157:H7 Sakai (positive for the stx1 
and stx2 genes) and E. coli ATCC 25922 (negative for the 
stx genes) reference strains were used controls. The PCR 
reaction was run by the Applied Biosystem 2720 thermal 
cycler (Applied Biosystem, Foster City, CA, USA). The 
PCR products were electrophoresed in 1.5% agarose gel 
containing 0.5 µg/ml ethidium bromide. The gel was vis-
ualized using AlphaImager™ Gel Imaging System (Alpha 
Innotech, San Leandro, CA, USA).

According to the manufacturer’s instructions, con-
firmed STEC isolates were serotyped using diagnostic 
E. coli O- and H-antisera sets (Denka Seiken Co., Tokyo, 
Japan).

Molecular detection of β‑lactamase‑encoding genes
Metallo-β-lactamase (carbapenemase)-producing genes 
were detected using a uniplex PCR reaction for the 
genes blaVIM [21], blaIMP [22], and blaNDM-1 [23]. The 

Table 1  Primers used in this study and their annealing temperature

Stx: Shiga like toxin producing genes; MBLs: metallo-β-lactamase (carbapenemase)-producing genes; ESBLs: extended-spectrum β-lactamase producing genes

Category Target gene Primers sequences (5′–3′) PCR type Amplified segment 
(bp)

Annealing 
temperature 
(˚C)

Stx stx1 F: ACA​CTG​GAT​GAT​CTC​AGT​GG Duplex 614 60

R: CTG​AAT​CCC​CCT​CCA​TTA​TG

stx2 F: CCA​TGA​CAA​CGG​ACA​GCA​GTT​ 779

R: CCT​GTC​AAC​TGA​GCA​GCA​CTTTG​

MBLs blaIMP F: CAT​GGT​TTG​GTG​GTT​CTT​GT Uniplex 488 55

R: ATA​ATT​TGG​CGG​ACT​TTG​GC

blaVIM F: AGT​GGT​GAG​TAT​CCG​ACA​G 261 52

R: ATG​AAA​GTG​CGT​GGA​GAC​

blaNDM-1 F: GGC​GGA​ATG​GCT​CAT​CAC​GA 287 58

R: CGC​AAC​ACA​GCC​TGA​CTT​TC

ESBLs blaOXA-1 group F: GGC​ACC​AGA​TTC​AAC​TTT​CAAG​ Multiplex 564 61

R: GAC​CCC​AAG​TTT​CCT​GTA​AGTG​

blaTEM group F: CAT​TTC​CGT​GTC​GCC​CTT​ATTC​ 800

R: CGT​TCA​TCC​ATA​GTT​GCC​TGAC​

blaCTX-M-1 group F: TTA​GGA​AGT​GTG​CCG​CTG​TA 655

R: CGG​TTT​TAT​CCC​CCA​CAA​C
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mixture for each PCR reaction (25 µL) contained 12.5 
µL of EmeraldAmp Max PCR Master Mix, 1 µL of each 
primer (20 pmol), 5 µL of DNA template, and 5.5 µL of 
water. The following positive control strains were used: 
E. coli NCTC 13476 (positive for blaIMP), E. coli ATCC 
BAA-2469 (positive for blaNDM-1), and K. pneumoniae 
NCTC 13439 (positive for blaVIM-1). Additionally, the iso-
lates were screened for ESBL-encoding genes: the blaTEM 
group gene (encodes for TEM; class A β-lactamases), 
the blaCTX-M-1 group gene (encodes for CTX-M; class A 
β-lactamases), and the blaOXA-1 group gene (encodes for 
OXA; class D β-Lactamases). A multiplex PCR was uti-
lized according to [24]. The reaction mixture was similar 
to that used to detect stx genes except for the primers 
(listed in Table 1). The following PCR cycling conditions 
were used for all reactions: one cycle at 94 °C for 7 min; 
35 cycles of 95  °C for 30  s, annealing temperature per 
each gene (Table 1) for 40 s, and 72 °C for 1 min; and a 
final extension at 72 °C for 10 min. The reference strains 
(E. coli ATCC 35218 and E. coli NCTC 13353) were used 
as the positive controls for the blaTEM and the blaCTX-M-1 
group genes. For the blaOXA-1 group gene, an E. coli iso-
late harboring the blaOXA-1 gene that was kindly provided 
by the Central Laboratory of Faculty of Veterinary Medi-
cine, Kafrelsheikh University, Egypt, was used as the con-
trol. The E. coli ATCC 25922 reference strain was used as 
a negative control for all PCR tests.

Assessment of phenotypic antibiotic resistance
According to the guidelines of the Clinical and Labora-
tory Standards Institute, the Kirby–Bauer disk diffusion 
technique was used to perform the antibiotic sensitivity 
tests [25]. Pure colonies were incubated in Mueller–Hin-
ton broth (Oxoid, Hampshire, U.K.) at 37 °C for 6 h. Each 
broth culture was diluted with sterile water until reach-
ing a concentration of 0.5 McFarland standard, and then 
100 µL of the dilution was spread on Mueller–Hinton 
agar (MHA, Oxoid, Hampshire, UK). Antibiotic discs 
(Oxoid, Hampshire, U.K.) were distributed onto the agar 
surface with a 30 mm distance from center to center. The 
following antibiotic discs were used: imipenem (IMP, 
10  µg), meropenem (MEM, 10  µg), ampicillin (AMP, 
10  µg), cephazolin (30  µg), ceftazidime (CAZ, 30  µg), 
cefotaxime (CTX, 30  µg), nalidixic acid (NA, 30  µg), 
ciprofloxacin (CIP, 5 µg), streptomycin (S, 10 µg), kana-
mycin (K, 30  µg), gentamicin (CN, 10  µg), tetracycline 
(TE, 30 µg), chloramphenicol (C, 30 µg), and sulfameth-
oxazole/trimethoprim (SXT, 25  µg). All plates were 
incubated at 37  °C for 18–24 h, and the inhibition zone 
diameters were interpreted according to the CLSI guide-
lines (2016). Isolates that showed phenotypic resistance 
to CAZ or CTX were further tested for the production 
of ESBLs by the double-disk synergy test as previously 

described [26]. Briefly, each isolate was inoculated on 
the MHA plate, and then an amoxicillin/clavulanic acid 
disk (AMC, 20/10 μg) was placed 25 mm from the CAZ 
(30  µg) and CTX (30  µg) disks. After incubation, the 
increase in the CAZ inhibition zone or CTX disks toward 
the AMC disk (keyhole shape) was recorded as positive 
ESBL production. Carbapenem-resistant isolates were 
tested for carbapenem production with the modified 
Hodge test [27]. In brief, the tenth dilution of the E. coli 
ATCC 25922 reference strain (0.5 McFarland-equivalent 
concentration) was inoculated on an MHA plate, and 
then a MEM disk (10 µg) was placed in the center. Then, 
the isolates (three per plate) were streaked in a line from 
the MEM disk to the plate edge, and the plate was incu-
bated overnight. Positive results were considered when 
E. coli ATCC 25922 increased around the test organism’s 
growth streak within the disk inhibition zone (clover leaf-
like indentation).

For quality control, the following reference strains were 
used for each of antibiotic sensitivity, ESBL production, 
and carbapenemase production tests: E. coli ATCC BAA-
2469 (positive control for carbapenemase), E. coli NCTC 
13353 (positive control for ESBL), and E. coli ATCC 
25922 (negative control).

Genotyping of STEC isolates using Enterobacterial 
repetitive intergenic consensus (ERIC)‑PCR
Genotyping with ERIC-PCR was conducted as previously 
described [28] using the following primers: ERIC1R: 
5′ATG​TAA​GCT​CCT​GGG​GAT​TCAC3′ and ERIC2: 
5′AAG​TAA​GTG​ACT​GGG​GTG​AGCG3′. The reac-
tion mixture was composed of 12.5 µL of EmeraldAmp 
Max PCR Master Mix, 3 µL of each primer (60 pmol), 5 
µL of the DNA template (100 ng), and water to reach a 
total volume of 25 µL. The following cycling conditions 
were applied: 1 cycle at 95 °C for 7 min; 35 cycles of 94 °C 
for 30 s, 52 °C for 1 min, and 65 °C for 5 min; and a final 
extension at 65  °C for 15  min. The PCR products were 
electrophoresed and photographed, as mentioned before. 
The ERIC-PCR band patterns were analyzed by GelJ 
software v.2.0 [29]. The comparison between ERIC-PCR 
profiles was conducted using the Dice coefficient, and a 
dendrogram was constructed using the unweighted pair 
group method with arithmetic mean. Simpson’s discrimi-
nation index for ERIC genotyping was estimated as previ-
ously described [30].

Statistical analysis
The odds ratios and potential associations between phe-
notypic or genetic antibiotic resistance profiles and 
source (diarrheic cases versus food) of the STEC iso-
lates were assessed using a univariate logistic regression 
model. The analysis was conducted using SPSS v19 (IBM, 
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Armonk, NY, USA), and significance was recorded at 
P ≤ 0.05.

Results
STEC were detected in 6.5% (13/200) and 11% (22/200) 
of foods and diarrheic cases, respectively. STEC preva-
lence rates of 6% (6/100), 7% (7/100), 10% (10/100), and 
12% (12/100) were reported in individual milk, beef, diar-
rheic human, and diarrheic cattle samples, respectively 
(Table  2). Six STEC serovars were detected; O26:H11 
(4.5%, 18/400) was the most prevalent serovar, followed 
by O111:H2 (1.5%, 6/400). The O26:H11 strains were 
detected in all sources, and the highest rates were found 
in diarrheic cattle (9%, 9/100) and human (4%, 4/100) 
samples. The O111:H2 strains were only detected in beef 
(2%, 2/100) and human (4%, 4/100) samples (Table 2).

The stx1 and stx2 genes were detected in 82.9% (29/35) 
and 80% (28/35) STEC isolates, respectively. Most STEC 
isolates harbored both stx genes (62.9%, 22/35); the 
remaining isolates carried either only the stx2 gene (20%, 
7/35) or only the stx1 gene (17.1%, 6/35). The genotype 
containing both stx genes predominated in all STEC 
sources: 69.2% (9/13) in foods, 58.3% (7/12) in cattle, 
and 60% (6/10) in humans. Furthermore, the highest rate 
of the stx2-only genotype was detected in clinical cat-
tle isolates (33.3%, 4/12). For the O26:H11 isolates, the 
both stx genes, the stx2 gene only, and the stx1 gene only 
genotypes were recorded in 61.1% (11/18), 33.3% (6/18), 
and 5.6% (1/18) of isolates, respectively (Fig.  1). Most 
O26:H11 isolates carrying the stx2 gene were detected 
in diarrheic cattle isolates (4/6 isolates, Fig. 1). The stx1 
gene only (66.7%, 4/6) and both stx genes (33.3%, 2/6) 
were the most prevalent genotypes for the O111:H2 

serovar (Fig.  1). The serovar O157 was not detected in 
any of the examined samples.

CP STEC isolates that harbored at least one of the 
MBL genes were found in 1.8% of the examined sam-
ples, including 0.5% (1/200) of the food samples and 
3% (6/200) of the diarrheic cases (Table  2). The blaVIM 
was the most prevalent MBL gene, and it was detected 
in 20% (7/35) of STEC isolates. One isolate carried the 
blaNDM-1 gene with blaVIM (2.9%); however, the blaIMP 
gene was not detected in any isolates (Table  2). There 
was no significant association between the acquisition of 
CR genes and the STEC isolates’ source; however, higher 
odds ratios were reported for diarrheic isolates (OR 6.2, 
P = 0.09, 95% CI 0.7–51.6).

The ESBL-producing STEC isolates were detected in 
4.3% of the samples, including 1.5% of the food samples 
and 7% of the diarrheic cases (Table  2). Approximately 
half of the isolates carried ESBL genes (48.6%, 17/35): 
42.9% (15/35) carried blaTEM group genes, 28.6% (10/35) 
carried blaCTX-M1 group genes, and 2.9% (1/35) carried 
blaOXA-1 group genes (Table  3). Half (50%, 6/12) of the 
cattle clinical isolates carried both blaTEM and blaCTX-
M1 group genes, whereas only one human isolate car-
ried both the blaTEM group and blaOXA-1 group genes 
(Table  3). The ESBL-producing STEC isolates were 4.9 
times more likely to be in clinical samples than in food 
samples (P = 0.006, 95% CI 1.4–17.5).

Approximately two-thirds (57.1%, 20/35) of the exam-
ined STEC isolates were phenotypically resistant to at 
least one antibiotic, and 18 (51.4%) isolates were MDR to 
three or more classes of antibiotics, including eight cattle 
(22.9%), seven human (20%), and three food (8.6%) iso-
lates (Table 3). MDR STEC strains were 5.3 times more 

Table 2  Frequency distribution of STEC serovars and drug resistance traits in samples collected from cattle and humans 
in this study

STEC: Shiga toxin-producing Escherichia coli; CR-STEC: carbapenemase-producing STEC; ESBL-STEC: extended-spectrum β-lactamase producing STEC; MDR-STEC: 
multidrug resistant STEC; brackets: percent: N: number of samples

Serovar Foods of cattle origin Diarrheic cases Total
N = 400

Milk
N = 100

Beef
N = 100

Subtotal
N = 200

Cattle
N = 100

Humans
N = 100

Subtotal
N = 200

O26:H11 3 (3) 2 (2) 5 (2.5) 9 (9) 4 (4) 13 (6.5) 18 (4.5)

O111:H2 0 (0) 2 (2) 2 (1) 0 (0) 4 (4) 4 (2) 6 (1.5)

O91:H21 2 (2) 0 (0) 2 (1) 1 (1) 1 (1) 2 (1) 4 (1)

O128:H2 0 (0) 3 (3) 3 (1.5) 1 (1) 0 (0) 1 (0.5) 4 (1)

O103:H2 1 (1) 0 (0) 1 (0.5) 0 (0) 1 (1) 1 (0.5) 2 (0.5)

O113:H4 0 (0) 0 (0) 0 (0) 1 (1) 0 (0) 1 (0.5) 1 (0.3)

Total STEC 6 (6) 7 (7) 13 (6.5) 12 (12) 10 (10) 22 (11) 35 (8.8)

CR-STEC 1 (1) 0 (0) 1 (0.5) 2 (2) 4 (4) 6 (3) 7 (1.8)

ESBL-STEC 2 (2) 1 (1) 3 (1.5) 7 (7) 7 (7) 14 (7) 17 (4.3)

MDR-STEC 2 (2) 1 (1) 3 (1.5) 8 (8) 7 (7) 15 (7.5) 18 (4.5)
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likely to be detected in diarrheic cases than in foods 
(P = 0.009, 95% CI 1.5–18.7). Seven (20%) isolates were 
resistant to the tested carbapenems (IMP and MEM). 
The highest resistant rates were reported for NA (51.4%), 
AMP (48.6%), and S (45.7%), while the highest sensitivity 
rates were reported for CN (5.7%), and CIP (11.4%).

There was a concordance between the acquisition of 
carbapenemase- and β-lactamase-producing genes and 
the expression of phenotypic carbapenem and β-lactam 
resistance in all studied STEC isolates, respectively 
(Table 3). Interestingly, all carbapenem-resistant isolates 
were also resistant to β-lactams and harbored one or 
more other BL genes.

The ERIC-PCR based genotyping analysis of the 
STEC isolates from clinical cases (cattle and humans) 
and food products (milk and beef ) is shown in Fig. 1. 
The ERIC band patterns ranged from 1 to 8 bands with 
a size range from 100 to 2000  bp. The dendrogram 

map classified the STEC isolates into 27 different ERIC 
genotypes (ETs) with a discrimination index of 0.979. 
The isolates that belonged to the same serotype were 
clustered together (Fig.  1). The isolates belonging to 
serovars O26 (18 isolates displaying 16 ETs) and O111 
showed high genetic diversity: 18 isolates displayed 
16 ETs and 6 isolates displayed 5 ETs, respectively. By 
contrast, more relatedness was exhibited by the iso-
lates of serovars O91 and O128: four isolates showed 
two ETs and four isolates showed one ET, respectively. 
Five ETs showed clusters of two to four identical iso-
lates per ET (Fig. 1). These ET clusters either belonged 
to the same source (E18, diseased cattle) or were from 
different sources, such as diseased humans and foods 
(ET2, ET17, and ET26) and diseased cattle and foods 
(ET22). The isolates within the same ET shared identi-
cal virulence and antibiotic resistance genetic profiles 
(Fig. 1).

Fig. 1  Enterobacterial repetitive intergenic consensus (ERIC)-PCR genotyping and virulence-antibiotic resistance genes profiles of STEC isolates 
recovered from food of cattle origin, diarrheic cattle, and diarrheic humans in this study. ET: ERIC genotypes. Black shadow: virulence genes. Dark 
grey shadow: CR genes. Light grey shadow: ESBL genes. Bold ET: clusters of identical isolates
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Discussion
This study investigated the prevalence and antibiotic 
resistance traits of STEC in the food of cattle origin (milk 
and meat) and diarrheic cases (cattle and humans). STEC 
was detected in 6.5%, 6%, and 7% of all food, milk, and 
meat samples, respectively. These findings were higher 
than those in previous reports (1.9–4.1%) in the USA [31] 
but lower than reports (10.7–29.7%) from other countries 
[32–34]. STEC isolates were found in 12% of diarrheic 
cattle samples; higher rates (18.7–53.2%) were reported 
from another location in Egypt [18] and elsewhere [31, 
35]. The prevalence rate in humans was 10%, which was 
higher than that in other reports (0.7–6.4%) in Africa 
[36], Europe [37], and Asia [35]. Most (60–69.2%) of the 
food and human isolates displayed the genotype with 
both stx genes. Similarly, the same genotype predomi-
nated in human isolates from Canada [38] and Europe 
[37]. However, our findings differed from reports of food 
isolates [32, 34] and human isolates [36] found elsewhere. 
By contrast, the stx2-only genotype prevailed in diarrheic 
cattle isolates in this study, which agreed with reports 
from Canada [38], Argentina [10], and Egypt [18].

The serovars O26:H11 (4.5%) and O111:H2 (1.5%) were 
the most commonly detected STEC among the exam-
ined samples. Similarly, these serovars were detected in 
the food of cattle origin, live cattle, and diseased humans 
worldwide [4, 10, 32, 34, 39]. The O26:H11 serovar was 
reported to be the most frequently recorded non-O157 
STEC responsible for human disease worldwide [10]. The 
most prevalent genotypes for the O26:H11 serovar were 
both stx genes (61.1%) and stx2 only (33.3%). The STEC 
O26 genotype with both stx genes has caused several 
human cases of bloody diarrhoea and HUS in the USA 
and Europe [1, 5, 40]. The STEC O26 genotype with stx2 
only emerged in Europe in the mid-1990s and contin-
ues to be the most common non-O157 STEC etiology of 
HUS worldwide [1, 40]. Interestingly, most of the STEC 
O26 isolates with the stx2 genotype were recovered from 
clinical cattle cases in this study, which highlights the 
potential zoonotic risk of this serovar. The O111:H2 sero-
var displayed two genotypes: stx1 only (66.7%) and both 
stx (33.3%). STEC O111 strains (stx1 or both stx genes) 
were the leading cause of HUS cases in the USA from 
1983 to 2002 [5]. The serovar O157 was not found in any 
of the examined samples. There is increasing global evi-
dence over recent years of the increased prevalence of 
non-O157 STEC isolates among cattle and human sam-
ples [4, 10, 39], which agrees with our findings.

Differences in STEC prevalence rates, genotypes, and 
serogroups between this study and previous studies 
may be attributed to differences in the geographical dis-
tribution of STEC strains, the sampling strategy, or the 
methodology.

Seven CP STEC isolates were found in 1.8% of our 
examined samples, including in one milk (1%), two diar-
rheic cattle (2%), and four diarrheic human (4%) sam-
ples. These isolates carried the blaVIM gene, and one 
human isolate harbored both blaVIM and blaNDM-1 genes; 
all of these isolates were also phenotypically resistant 
to IMP and MEM. Human CR-E. coli isolates harbor-
ing the blaVIM or blaNDM genes were identified in clini-
cal isolates from Egypt [41] and other countries [15–17], 
which agreed with the study findings. Recent reports 
have shown the emergence of CR-E. coli isolates recov-
ered from diarrheic cattle (carrying the blaVIM gene) and 
mastitic milk (carrying the blaNDM gene) in India. This 
agrees with the current study findings. By contrast, STEC 
isolates recovered from milk, and diarrheic cattle in pre-
vious studies from Egypt showed a complete sensitivity 
for carbapenems [13, 18]. This is the first detection of CP 
STEC in milk and diarrheic cattle in Egypt. The emer-
gence of CP STEC is an alarming threat to public health. 
MEM is recommended for treating STEC human cases 
to lower severe outcomes such as kidney damage [9]; 
thus, CP STEC may be life-threatening and has reduced 
therapeutic options. Unlike humans, carbapenems are 
not used in veterinary practice in Egypt and several other 
countries [14], so the acquisition of CP genes by cat-
tle isolates may have originated from the environment, 
cross-species transmission of human CP isolates, and/or 
the transfer of CP genes via mobile genetic elements as 
plasmids from other CP-gut pathogens [14, 17]. Despite 
growing records of non-human sources of CR-E. coli 
worldwide, the role of cattle in the spread of CP STEC 
to humans or the environment is highly underestimated. 
This study provides additional evidence of the poten-
tial role of cattle and foods of cattle origin as CP STEC 
sources in the study area, which presents an emerging 
threat to public health.

Half of the STEC isolates carried ESBL-encoding genes 
(48.6%); the respective detection rates of the examined 
blaTEM, blaCTX-M1 group, and blaOXA-1 group genes were 
42.9%, 28.6%, and 2.9%. The relative predominance of the 
blaTEM gene in STEC isolates from foods, diseased cattle, 
and diseased humans has been recorded in several stud-
ies worldwide [10, 11, 42]. The blaCTX-M1 and blaOXA-1 
genes were also recovered at variable rates from the same 
sources [11, 13, 42]. The blaTEM and blaOXA-1 group genes 
encode variable narrow-spectrum BLs (NSBL) to ESBLs 
that confer resistance for penicillin and sometimes ceph-
alosporins. In contrast, the blaCTX-M1 group gene confers 
resistance to ESBLs such as third-generation cephalo-
sporins [43]. The genetic profile of all ESBL-producing 
STEC isolates matched their phenotypic resistance. 
Interestingly, all CP STEC harbored one or more ESBL 
genes, which was in agreement with another study in 
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Africa [15]. Additionally, ESBL-producing STEC isolates 
were five times more likely to be detected in clinical sam-
ples than in food samples (P = 0.006). These findings sug-
gest the potential acquisition of ESBL genes by selective 
antibiotic pressure, particularly in clinical isolates (veteri-
nary and humans), usually treated by cephalosporins.

The STEC isolates showed high phenotypic resist-
ance rates to NA (51.4%), AMP (48.6%), S (45.7%), 
and TE (42.9%). Comparable findings were previously 
recorded in Egypt [13, 42] and elsewhere [32, 34]. The 
highest STEC isolates sensitivity rates were reported for 
CN (5.7%) and CIP (11.4%), which agrees with previ-
ous reports in Africa [13, 36]. By contrast, STEC isolates 
from Asia showed high resistance rates (55.2–100%) to 
CN [32, 34].

Approximately half (51.4%, 18/35) of the STEC isolates 
showed the MDR phenotype, which agrees with other 
reports [13, 34, 42]. However, Kalule et al. [36] reported 
that none of the detected STEC isolates showed MDR 
in South Africa. Two-thirds (61.1%, 11/18) of the MDR 
STEC were from diarrheic cattle and food samples. This 
finding denotes the emergence of MDR STEC from cat-
tle and their food products in Egypt. In Egypt, antibiotics 
are misused in veterinary practices. Animals’ owners can 
easily access antibiotics at local pharmaceutical vendors 
or private pharmacies without a prescription or supervi-
sion. This misuse of antibiotics may have contributed to 
our high recorded MDR STEC rates from animal sources 
and is a major zoonotic threat to residents in Egypt.

ERIC-PCR genotyping of the 22 clinical and 13 food 
isolates yielded 27 different ETs. This proved the high 
genetic diversity that exists between STEC isolates 
regardless of their source or serotype. Likewise, other 
studies on pathogenic E. coli isolates from clinical cases, 
and foods showed high genetic heterogeneity [15, 44, 45]. 
The ERIC band patterns ranged from 1 to 8 bands with a 
size range from 100 to 2000 bp, comparable with reports 
from China [45] and Ghana [15]. The STEC isolates of the 
same serotype were clustered together; however, there 
was a high genetic difference between strains of some 
serotypes such as O26 and O111. This agrees with other 
studies [44, 45] and may indicate the circulation of many 
different strains of these serotypes in the study area.

Five identical ETs were spotted from either the same 
source (diseased cattle) or different sources (diseased 
humans and food; diseased cattle and food); isolates with 
identical ETs carried matched virulence and antibiotic 
resistance profiles. The combinations of identical genetic 
ETs, virulence, and resistance profiles among some of the 
STEC isolates from the same or different sources high-
light the potential inter or intra-species cross-transmis-
sion of these pathogens and/or their genes in the study 
region.

Conclusions
This work has confirmed a direct role of cattle as a source 
of CP STEC isolates. It has provided evidence of potential 
zoonotic transmission of these isolates to humans, rep-
resenting an emerging public health threat in the study 
region. ESBL-producing STEC isolates were also recov-
ered from diarrheic cattle and their food products. Taken 
together, we propose that extended surveillance of the cat-
tle food chain and other clinical sources and mandatory 
veterinary supervision of antibiotic use for animals are 
urgently required to minimize the potential zoonotic risks 
of MDR STEC in Egypt.
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