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Abstract: The present study aimed to characterize the extended-spectrum β-lactamases and plasmid-
mediated AmpC β-lactamases (ESBL/PMAβ) among Escherichia coli producers isolated from beef,
pork, and poultry meat collected at retail, in Portugal. A total of 638 meat samples were col-
lected and inoculated on selective medium for the search of E. coli resistant to 3rd generation
cephalosporins. Isolates were characterized by antimicrobial susceptibility testing, molecular assays
targeting ESBL/AmpC, plasmid-mediated quinolone resistance (PMQR), and plasmid-mediated
colistin resistance (PMCR) encoding genes. The highest frequency of E. coli non-wild type to 3rd
generation cephalosporins and fluoroquinolones was observed in broiler meat (30.3% and 93.3%, re-
spectively). Overall, a diversity of acquired resistance mechanisms, were detected: blaESBL [blaCTX-M-1

(n = 19), blaCTX-M-15 (n = 4), blaCTX-M-32 (n = 12), blaCTX-M-55 (n = 8), blaCTX-M-65 (n = 4), blaCTX-M-27

(n = 2), blaCTX-M-9 (n = 1), blaCTX-M-14 (n = 11), blaSHV-12 (n = 27), blaTEM-52 (n = 1)], blaPMAβ [blaCMY-2

(n = 8)], PMQR [qnrB (n = 27), qnrS (n = 21) and aac(6’)-Ib-type (n = 4)] and PMCR [mcr-1 (n = 8)]. Our
study highlights that consumers may be exposed through the food chain to multidrug-resistant E.
coli carrying diverse plasmid-mediated antimicrobial resistance genes, posing a great hazard to food
safety and a public health risk.
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1. Introduction

Antimicrobial resistance in Enterobacteriaceae has increased in the past two decades,
being extended-spectrum and plasmid-mediated AmpC β-lactamases (ESBL/PMAβ)-
producing Escherichia coli a major concern for both human and animal health and food
safety [1]. The use of antibiotics in humans and animals is probably the main factor for
the increasing prevalence of ESBL/AmpC. However, other factors, particularly foreign
travelling, international commercial trade of animals and products, animal movements,
farming systems, animal husbandry, and the pyramidal structure of some types of primary
production, likely also influence the spread of resistant clones [1,2]. Antibiotics other
than third-generation cephalosporins, such as tetracyclines, sulfonamides and trimetho-
prim, widely used in animal therapy, may select ESBL/AmpC producers by co-selection;
moreover, most encoding genes are plasmid-mediated [1].

Antimicrobial resistance (AMR) in food products stands at the interface of the animal
and human sectors, mobile genetic elements playing an important role in its cross-sectorial
transmission. Food can be contaminated with antimicrobial-resistant bacteria and an-
timicrobial resistance genes by the use of antibiotics during agricultural production, the

Antibiotics 2021, 10, 1333. https://doi.org/10.3390/antibiotics10111333 https://www.mdpi.com/journal/antibiotics

https://www.mdpi.com/journal/antibiotics
https://www.mdpi.com
https://orcid.org/0000-0002-5139-3268
https://doi.org/10.3390/antibiotics10111333
https://doi.org/10.3390/antibiotics10111333
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/antibiotics10111333
https://www.mdpi.com/journal/antibiotics
https://www.mdpi.com/article/10.3390/antibiotics10111333?type=check_update&version=1


Antibiotics 2021, 10, 1333 2 of 16

possible presence of resistance genes in bacteria intentionally added to food products
(starter cultures, probiotics), and through cross-contamination with antimicrobial resistant
bacteria during food processing directly intended for human consumption [3,4].

ESBL and AmpC Enterobacteriaceae producers are widespread worldwide from samples
of animal origin (food-producing, wild and companion animals), human, food products,
and environmental (health care units, animal housing, slaughterhouses, surfaces, wastewa-
ter, retail stores) origins [5–13].

The potential for ESBL-producing E. coli strains from animals to cause human infec-
tions has long been suggested, yet not been confirmed or refuted [1,2,14]. Close genetic
similarities between strains from broilers and their products and humans have been previ-
ously described [15–17].

Plasmid-mediated quinolone resistance (PMQR)-encoding genes have been com-
monly found in ESBL Enterobacteriaceae strains carried on plasmids, which can then be
co-transferred to bacterial species of public health importance [8,18]. Although these de-
terminants may be responsible for a low level of resistance, PMQR genes combined with
chromosomal mechanisms are associated with a cumulative effect, explaining high mini-
mum inhibitory concentration (MIC) values to nalidixic acid (≥128 mg/L) and ciprofloxacin
(≥8 mg/L) [19]. In contrast, strains harboring PMQR genes tend to exhibit ciprofloxacin
MIC values between 0.06 and 1 mg/L and nalidixic acid MIC values between 8 and
32 mg/L [20]. The occurrence of these genes may also increase the likelihood of dis-
semination of other resistance genes through co-selection [6,21,22]. PMQR determinants
such as qnrB, qnrS, and aac(6′)-lb-cr seem quite common in Europe from different environ-
ments [20,23,24].

Following the first report of co-localization of plasmid-mediated colistin resistance
(PMCR), mcr-1 and ESBL [25], several studies described a worldwide distribution of mcr-1
gene in ESBL-producing Enterobacteriaceae isolates from food and companion animals and
meat [6,26–29]. Furthermore, studies have suggested that the use of extended-spectrum
cephalosporins may have simultaneously favored the spread of mcr-1 [25–30].

Although integrons are not considered mobile genetic elements per se, their loca-
tion on plasmids and transposons enables gene transmission to inter and intra-species
in a single event [31]. They can integrate, express, and disseminate gene cassettes carry-
ing resistance determinants, playing a critical role in disseminating multidrug resistance
(MDR) [32]. For this reason, they are increasingly reported worldwide, especially among
Enterobacteriaceae [32].

The present study aims to evaluate the antimicrobial susceptibility, characterize the
ESBL/PMAβ, and identify genes encoding fluoroquinolone and colistin resistance in E.
coli isolates from retail meat (beef, pork and poultry) in Portugal.

2. Results
2.1. Bacterial Isolation

In this study, 109 non-wild type E. coli isolates resistant to third generation cephalosporins
were isolated from 638 samples from beef (n = 26 out of 220), pork (n = 23 out of 220), and
broiler meat (n = 60 out of 198). No isolates with reduced susceptibility to carbapenems
were isolated (Table 1).

Table 1. Number of samples collected and ESBL/AmpC E. coli-producers included in the study.

Animal Species/Source N◦ of Samples Processed N◦ of Samples Positive for
E. coli CTXR (%)

Beef 220 26 (11.8%)
Pork 220 23 (10.5%)

Poultry meat 198 60 (30.3%)

Total 638 109 (17.1%)

CTXR, cefotaxime-resistant E. coli.
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2.2. Antimicrobial Susceptibility Phenotypes

An overview of the antimicrobial susceptibility of 109 E. coli isolates is given in Table 2,
where important parameters like MIC50 and MIC90 values, and rates of decreased sus-
ceptibility to critically and highly important antimicrobials for animals and humans are
presented. Susceptibility profiles differed according to the origin of the isolates. As ex-
pected, all isolates showed decreased susceptibility to cefotaxime with MIC values ranging
between 8 and 32 mg/L and slightly lower MIC values to ceftazidime (MIC= 4–8 mg/L).

Table 2. Antimicrobial susceptibility, MIC50, MIC90, and decreased susceptibility of 109 Escherichia
coli isolates.

Antimicrobial Beef (n = 26) Pork (n = 23) Poultry (n = 60) ECOFFS c

Ampicillin
MIC50 >64 >64 >64
MIC90 >64 >64 >64
% DS 100 100 100 8

Cefotaxime
MIC50 32 32 8
MIC90 >64 >64 >64
% DS 100 100 100 0.25

Ceftazidime
MIC50 8 4 8
MIC90 32 16 32
% DS 96.2 95.7 96.7 0.5

Cefoxitin
MIC50 8 8 4
MIC90 32 64 64
% DS 15.4 30.4 20 8

Cefepime b

MIC50 4 4 0.5
MIC90 32 16 >32
% DS 96,2 95.7 80 0.25

Nalidixic acid a

MIC50 >128 128 >128
MIC90 >128 >128 >128
% DS 69.2 56.5 91.7 8

Ciprofloxacin a,b

MIC50 0.5 0.5 8
MIC90 >8 >8 >8
% DS 69.2 65.2 93.3 0.064

Azitromycin a

MIC50 8 8 8
MIC90 64 >64 16
% DS 30.8 30.4 11.7 (8) c

Gentamicin b

MIC50 1 ≤0.5 1
MIC90 32 2 >32
% DS 19.2 8.7 15 2

Chloramphenicol b

MIC50 ≤8 ≤8 ≤8
MIC90 >128 64 128
% DS 46.2 21.7 41.7 16

Colistin
MIC50 ≤1 ≤1 ≤1
MIC90 4 ≤1 ≤1
% DS 15.4 4.3 5 2
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Table 2. Cont.

Antimicrobial Beef (n = 26) Pork (n = 23) Poultry (n = 60) ECOFFS c

Tetracycline
MIC50 64 >64 >64
MIC90 >64 >64 >64
% DS 73.1 82.6 86.7 8

Sulphamethoxazole
MIC50 >1024 >1024 >1024
MIC90 >1024 >1024 >1024
% DS ND ND ND ND

Trimethoprim
MIC50 >32 >32 >32
MIC90 >32 >32 >32 2
% DS 76.9 56.5 68.3

MDR (%) 84 87 95

DS, decreased susceptibility; ND, not determined; MDR, multidrug resistant; a p < 0.05; b ≥3 dilution steps
between MIC50 and MIC90 values; c tentative epidemiological cut-off.

Presumptive ESBL phenotype was prevalent and found in 87 isolates (79.8%), while
presumptive AmpC phenotype was identified in 22 isolates (20.2%) (Figure 1).
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Figure 1. Prevalence of ESBL, PMAβ, and AmpCc phenotype in Escherichia coli from beef, pork, and
poultry meat (n = 109).

Overall, the frequency of decreased susceptibility to fluoroquinolones was very high,
particularly in poultry (93.3%). High levels of decreased susceptibility were also observed
for tetracycline and trimethoprim in isolates from the three sources. Moderate levels of
decreased susceptibility to azithromycin were found in beef and pork. Isolates from beef
showed higher levels of decreased susceptibility to colistin (Table 2).

In this study, statistically significant differences (p ≤ 0.05) were observed between
the three sources for the frequency of resistance to the following antibiotics: ciprofloxacin
(p = 0.002), azithromycin (p = 0.002), and nalidixic acid (p = 0.002). Moreover, for MIC50
and MIC90 values, significant differences (difference of 3 to ≥8 dilutions) were observed
for gentamicin (beef and poultry), chloramphenicol (beef and poultry), and ciprofloxacin
(beef and pork) (Table 2).
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Multidrug resistance was very high, particularly in isolates from poultry (95%), fol-
lowed by pork (87%) and beef (84%) (Table 2). Overall, 44 multidrug resistance profiles
were identified, of which decreased susceptibility to six and seven antibiotic groups was
noted in all sources (Supplementary Table S1).

2.3. Molecular Characterization of Isolates

A high diversity of ESBL mechanisms was identified, being SHV-12 (27.6%) and CTX-
M-1 (21.8%) the most prevalent, followed by CTX-M-32 (13.8%) and CTX-M-14 (12.6%). Of
note, the identification of CTX-M-55 for the first time in Portugal in food products of animal
origin (Table 3). Moreover, the rare occurrence of CTX-M-65, was registered in four isolates,
(three from beef and one from pork) (Table 3). From the isolates with presumptive AmpC
phenotype (n = 22, 20.2%), CMY-2 was found in eight isolates (7,4%) and an overexpression
of the chromosomal AmpC gene was identified in fourteen (12.8%), mostly from poultry.

Table 3. Genotypic characterization of ESBL and AmpC producing-Escherichia coli (n = 109).

bla Genes (n)
PMCR * PMQR ** Integrons

mcr-1
(n)

qnrB
(n)

qnrS
(n)

aac(6′)Ib-cr
(n)

Class 1
(n)

Class 2
(n)

Class 1 and 2
(n)

Broiler meat (n = 60)
blaCTX-M-1 (n = 11) 6 5 2
blaCTX-M-32 (n = 3) 1 3
blaCTX-M-55 (n = 6) 1 1 4 6
blaCTX-M-55 + blaSHV-12 (n = 1) 1
blaCTX-M-14 (n = 4) 2 1 4
blaTEM-52 (n = 1)
blaSHV-12 (n = 17) 3 2 13
blaSHV-12 + blaTEM-1 (n = 3) 2 3 1
blaCMY-2 (n = 1) 1
blaAmpCc (n = 12) 4 10 1
blaAmpCc + blaTEM1 (n = 1) 1 1
Beef (n = 26)
blaCTX-M-1 (n = 6) 1 2 1
blaCTX-M-15 (n = 4) 2 3
blaCTX-M-55 + blaTEM-1 (n = 1) 1
blaCTX-M-65 (n = 2) 2 2 2 2
blaCTX-M-65 + blaTEM-1 +
blaSHV-12 (n = 1) 1 1 1

blaCTX-M-9 (n = 1) 1
blaCTX-M-14 (n = 4) 1 1 1 4
blaSHV-12 + blaTEM-1 (n = 2) 1
blaSHV-12 (n = 2) 1 1 1
blaCMY-2 (n = 2) 1
blaCMY-2 + blaTEM-1 (n = 1) 1
Pork (n = 23)
blaCTX-M-1 (n = 2) 1 1
blaCTX-M-15 (n = 1) 1 1
blaCTX-M-32 (n = 9) 2 2 5 1 1
blaCTX-M-65 + blaTEM-1 (n = 1) 1 1 1 1
blaCTX-M-27 (n = 2) 2
blaCTX-M-14 (n = 3) 1 3
blaCMY-2 (n = 3) 1
blaCMY-2 + blaTEM-1 (n = 1) 1 1
blaAmpCc (n = 1) 1 1

* Plasmid-mediated colistin resistance genes; ** plasmid-mediated quinolone resistance genes; AmpCc: chromosomal AmpC mutation.
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Among the isolates with reduced susceptibility to fluoroquinolones, qnrB and qnrS
were the most commonly found PMQR mechanisms, found in 27 and 21 isolates, respec-
tively; aac(6′)-Ib-cr was identified in four isolates (Table 3). Eight isolates from all sources
showing decreased susceptibility to colistin harbored the mcr-1 gene (Table 3).

Seventy-five isolates harbored class 1 (68.8%) or class 2 integrons (1.8%). In eight
isolates (7.3%) both integrons class 1 and 2 were identified; no class 3 integrons were found
in this study.

3. Discussion

In the present study, we aimed to establish the prevalence and the characterization of
ESBL/AmpC E. coli producers in beef, pork, and poultry meat samples sold at retail. Our
results show that 17.1% of all samples were contaminated, with the highest prevalence in
poultry meat (30.3%), like that found in some European countries [33–36]. The prevalence
in beef (11.8%) and pork (10.5%) samples was lower than in poultry, in accordance with that
observed in Germany [8], suggesting that poultry meat might be easily more contaminated
along the food chain than beef and pork [36]. Cross-contamination by contaminated flocks
and the slaughterhouse environment greatly impacts the prevalence of ESBL/AmpC-
producing Enterobacteriaceae in broiler chickens [36].

The use of third generation cephalosporins being interdict to poultry in the EU coun-
tries since 2009 [37], the higher occurrence of ESBL/AmpC E. coli producers might be
assigned by the co-selection of other resistance mechanisms, by the use of various antibi-
otics, namely fluoroquinolones, polymyxins, tetracyclines, and sulfonamides, widely used
in intensive animal production [38].

In this study, we observed a statistically significant difference for the frequency of
resistance to ciprofloxacin (p = 0.002), azithromycin (p = 0.002), and nalidixic acid (p = 0.002)
among the meat sources. Moreover, for MIC50 and MIC90 values, significant differences
(3 to ≥8 dilutions) were observed for gentamicin (beef and poultry), chloramphenicol (beef
and poultry), ciprofloxacin, and azithromycin (beef and pork), indicating the presence of
two distinct microbial subpopulations, a susceptible and a resistant population [39]. The
association between the frequency of resistance observed for the various antibiotics and
the respective use in animals, among other factors, is in line with what has been described
in other studies [40–43]. In food products, it is likely that a cross-contamination by people
handling and preparing the meat, as well as on surfaces and with utensils in processing
plants, may occur [44].

According to the European Food Safety Authority (EFSA), the prevalence of pre-
sumptive ESBL/AmpC E. coli producers in the different animal species and their products
varies within the EU countries [45]. In the present study, eight types of ESBL encoding
determinants from the CTX-M family were detected, indicating a high diversity of CTX-M-
encoding genes in E. coli isolates from meat at retail in Portugal. The most common was
CTX-M-1 identified in 19 isolates from beef, pork, and broiler meat, which is coherent with
other studies [46–51]. CTX-M-32 and CTX-M-14 were also common and found in 12 and
11 isolates, respectively. CTXM-14 seems to be established in Enterobacteriaceae in European
countries, including Portugal, as reported in studies over the last ten years performed in
animals and food [5,6,9,18,52–55]. In one study from China in E. coli isolates from food,
animals, and humans, CTX-M-14 was the most frequent ESBL found [56]. CTX-M-32 is
an ESBL from CTX-M group 1 widely distributed in Portugal in Enterobacteriaceae isolates
from animals, particularly pigs and food [5,8,9,57,58]. It has also been reported from some
European and non-European countries [46,58,59], and in a study in the United Kingdom,
CTX-M-32 was the most common variant found in dairy farms [53].

Being CTX-M-15, the most common ESBL found in human Enterobacteriaceae [60], was
identified in five isolates from beef (n = 4) and pork (n = 1), seeming that broiler meat does
not represent a source of E. coli CTX-M-15 producer, as described in the UK [50]. Of note,
bovine is the animal group, compared to others, where CTX-M-15 has been recognized at
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a significant prevalence [61]. Thus, it may not be surprising to find CTX-M-15 producers
in beef, suggesting that this colonization may rather originate from the animal sector [62].

The ESBL CTX-M-55 belongs to the CTX-M-1 group and is a derivative of CTX-M-15,
differing by Ala80Val [63]. It is widely distributed in E. coli isolates from humans, ani-
mals, and meat in the Asian continent [56,64,65] and South America [66,67]. Although
uncommon in Europe, it has been previously reported in humans, animals, and the envi-
ronment [68–71]. In this study, it was detected in one isolate from beef and seven isolates
from broiler, one being associated to SHV-12. In Portugal, previous studies [68] identified
CTX-M-55 in clinical E. coli isolates from pets and humans. We note here its presence in
food of animal origin.

The occurrence of CTX-M-65 in European countries is rare, although emerging. In
this study, it was identified in four isolates, three from beef and one from pork. Genomic
characterization by whole genome sequencing and genetic relatedness with other E. coli
genomes suggest a clonal spread in Europe [72]. This enzyme is widely distributed in the
Asian and North and South American continents [73–76], and only scarce studies reported
its presence in Europe in humans, animals, and food [47,71,77–79].

CTX-M-27, a single nucleotide variant of CTX-M-14, seems to be emerging in certain
parts of the world, namely in Asia and Europe [80]. This enzyme was the second most
common ESBL found in human isolates in a hospital in Portugal [77], and was identified in
healthy pigs at slaughter and in cats [6,67]. In this study, CTX-M-27 producers have higher
MIC values to ceftazidime than those of CTX-M-14 producers, suggesting that the use of
ceftazidime could be selecting CTX-M-27 [81].

CTX-M-9 was identified in one beef sample. In European countries, including Portugal,
and from samples of animal origin, this enzyme seems to be more common in pigs, poultry,
and poultry products [55,82–84], and rarer in cattle and beef [47]. In France, it was identified
in Enterobacteriaceae producers from rescued wild birds [85].

SHV-12 was detected in 26 isolates, predominantly in chicken meat, either sole or
associated with other β-lactamases of the CTX-M and TEM families. Similar results were
obtained in other studies in food products [8,46,47,49,86].

In this study, TEM-52 was identified in one sample from broiler meat, seeming not to
be as common as in the past, as the most frequent ESBL identified in retail poultry products
in Portugal [55]. Likewise, a study in the Netherlands, found TEM-52 as the third ESBL
identified in poultry meat samples, following CTX-M-1 and SHV-12 [47].

CMY-2 is the most common type of plasmid AmpC β-lactamase found in Enterobacteri-
aceae throughout the world, in isolates from human and animal origin. In this study, it was
identified in eight isolates, which is in concordance with most research studies performed
in the various countries, including Portugal [2,8,27,45,61,87–89].

In our study, 14 isolates (broiler meat, n = 13 and pork, n = 1) had an AmpC phenotype
(cefoxitin MIC ≥ 32 mg/L) and MICs to cefotaxime lower (2–4 mg/L) than to ceftazidime
(4–8 mg/L). Regarding cefepime, MIC was in the susceptible range, according to the clin-
ical breakpoints (≤0.5 mg/L) established by EUCAST. As no plasmid-AmpC encoding
determinants were detected, sequencing of the chromosomal ampC gene was performed,
revealing highly conserved mutations in the promoter and attenuator region found in
strong ampC promoters [90,91]. Indeed, these mutations have previously been described
in E. coli isolates from food-producing animals and retail meat [92–96]. As hyperproduc-
tion of ampC gene is associated with clinically significant resistance to cephamycins and
cephalosporins, decreasing the therapeutic options in the treatment of bacterial infectious
diseases, its monitoring and detection are of the utmost importance [97–99].

Overall, the frequency of decreased susceptibility to colistin was not high (7.3%; 8/109).
All colistin-resistant isolates (MIC > 2 mg/L) carried the mcr-1 gene. Considering colistin
one of the last-resort antibiotics to treat severe human infections caused by Gram-negative
bacteria, and assuming that its consumption is probably the main factor for the increasing
prevalence of resistant strains, the European Medical Agency (EMA) imposed a reduction
of 50% on the sales of polymyxins in 25 of the 31 countries in the ESVAC network, for the
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period 2010–2018 [38]. Although Portugal has been decreasing its consumption since 2013,
it is still the fifth country in Europe with higher consumption of polymyxins [38,100]. As
colistin resistance is frequently associated with ESBL/AmpC producers, as in our study,
selective pressure exerted by the consumption of third generation cephalosporins may
contribute to co-selection of these resistance determinants [25].

Decreased susceptibility to fluoroquinolones was very high, particularly in isolates
from poultry (93.3%), following the higher consumption of fluoroquinolones by this species,
especially in Eastern and Southern European countries [34,38,100]. In 89 resistant isolates
with a wide range of MICs (0.25 to ≥8 mg/L), PMQR were detected in 52, being qnrB the
most frequent (n = 27), followed by qnrS (n = 21) and aac(6′)-Ib-cr (n = 4), in agreement with
other studies [20]. Of note, the four CTX-M-65 producers co-harbored qnrS and aac(6′)-Ib-
cr [72]. Studies in China in Enterobacteriaceae ESBL producers identified strains co-harboring
two and three PMQR-encoding mechanisms simultaneously [76,101]. Although uncom-
mon, in Europe, some Enterobacteriaceae strains from animals, food, and the environment
co-harboring two PMQR encoding genes, were found, although not mentioning they were
ESBL producers [20].

Horizontal transfer of antibiotic resistance genes among Gram-negative bacteria plays
a major role in the spread of multidrug resistance, being integrons one of the most im-
portant drivers on its transmission. Their spread among microbial populations may be
facilitated due to their location in transposons, such as Tn402 in class 1 and Tn7 in class 2
integrons, playing a relevant role as genetic reservoirs for transfer, integration, and dissem-
ination of resistance genes among bacteria [102,103]. Previous studies underlined a higher
prevalence of MDR in integron positive isolates [38,104]. In our study, 75 isolates carried
class 1 integrons (68.8%) or class 2 (1.83%), which are in accordance with studies reporting
that class 2 integrons are less prevalent in enteric bacteria [32].

Multidrug resistance was very high, particularly in isolates from poultry (95%), fol-
lowed by pork (87%) and beef (84%), as described in other studies [8;27,51]; in 22 isolates,
decreased susceptibility to six (n = 9) and seven (n = 13) antibiotic groups was noted.
Forty-four MDR profiles were identified in this study (Supplementary Material Table S1).
Beyond decreased susceptibility to β-lactams, the most common antibiotics shown in the
various MDR patterns were quinolones, 79.5% (35/44), sulfamethoxazole, 84.1% (37/44),
tetracycline, 75% (33/44), and trimethoprim, 70.5% (31/44), antibiotics widely used in
intensive animal production [38]. The inappropriate and abusive use of antibiotics and the
presence of mobile genetic elements promoting the spread of multiple resistance genes to
other bacteria, as well as the circulation of specific multiresistant clones, may contribute to
such a high prevalence of multidrug resistant strains [77,105].

Although plasmid-typing was not performed in this study, its role in the spread of
several resistance traits is well-known, particularly some ESBL/AmpC-encoding genes
carried in successful epidemic plasmids, being well adapted to different bacterial hosts,
endowed with a very efficient conjugative system, or showing broad host range, or the
capacity to be mobilized in trans by co-resident plasmids [106].

Being food products one of the sources of human exposure to antimicrobial-resistant
microorganisms, the cross-transfer of ESBL/AmpC-encoding determinants is controversial,
even though genomic investigations indicate that ESBL/AmpC encountered in non-human
sources are distinct from those affecting humans, leading to the uncertainty on the real
magnitude of their transfer to humans [14,107]. More recent studies speculate that contin-
uous exposure to ESBL/AmpC Escherichia coli producers from non-human sources only
sporadically result in a successful transfer of genes to human-adapted E. coli or other
bacteria [108]. Of note, the risk to humans through food intake is also highly dependent on
whether foodstuffs are consumed raw or cooked; nevertheless, cross-contamination may
occur by people handling and preparing the meat, or by surfaces and kitchen utensils, if
proper precautions are not taken.
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4. Materials and Methods
4.1. Bacterial Isolation

Six hundred and thirty-eight samples from beef (n = 220), pork (n = 220), and broiler
meat (n = 198) locally produced, were collected at random on the retail market throughout
the country in 2016–2017, under the scope of monitoring and reporting of antimicrobial
resistance in zoonotic and commensal bacteria (Commission Decision 652/2013) [109].

Laboratory procedures for the isolation and identification of extended-spectrum β-
lactamase (ESBL/AmpC) and carbapenemase Escherichia coli-producers followed the pro-
tocols defined by the EURL-AR [110]. Briefly, 25 g of each meat sample was mixed with
225 mL of buffered peptone water (Oxoid, Basingstoke, UK), followed by incubation at
37 ◦C ± 1 ◦C for 18–22 h. Enriched samples were plated onto MacConkey Agar (Oxoid, UK)
supplemented with 1 mg/L of cefotaxime (Glentham, Corsham, UK) and ChromID Car-
baSmart (BioMérieux, France), followed by incubation at 44 ◦C ± 0.5 ◦C and 37 ◦C ± 1 ◦C
for 18–22 h, respectively. Presumptive E. coli colonies were selected for biochemical identi-
fication on ColiID (bioMérieux, Marcy-l’Étoile, France) and those confirmed to be E. coli
were subcultured and preserved at –80 ◦C for further tests.

4.2. Antimicrobial susceptibility testing

E. coli isolates from beef (n = 26), pork (n = 23), and broiler meat (n = 60) were tested
for the determination of minimum inhibitory concentration (MIC), using the microdilution
method and commercial standardized microplates (EUVSEC, Sensititre ™, Thermo Scien-
tific™, Hampshire, UK). As all isolates were resistant toward cefotaxime, the second panel
of antibiotics (EUVSEC2, Sensititre, Thermofisher Scientific, Hampshire, UK) was used to
phenotypic detection of ESBL and AmpC enzymes. Results were interpreted according
to the epidemiological breakpoint values of the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) [111]. Escherichia coli ATCC 25922 was used as a quality
control strain.

In order to analyze results of susceptibility testing, values like MIC50 and MIC90 were
calculated. The MIC50 represents the MIC value at which ≥50% of the isolates in a test
population are inhibited, being equivalent to the median MIC value. The MIC90 represents
the MIC value at which ≥90% of the strains within a test population are inhibited. Isolates
were considered multidrug resistant (MDR) when resistance was evidenced to three or
more antimicrobial classes [112].

4.3. Molecular Characterization of Antimicrobial Resistance Genes and Integrons

Total DNA was extracted using the boiling method [113]. DNA yield and purity check
with a spectrophotometer (Nanodrop® 2000, Thermo Scientific, Wilmington, NC, USA).

As all isolates evidenced a non-susceptible phenotype to third generation cephalosporins
and or cephamycins, blaESBL (blaTEM, blaSHV, blaOXA, blaCTX-M) and blaPMAβ (blaCMY, blaMOX,
blaFOX, blaLAT, blaACT, blaMIR, blaDHA, blaMOR, blaACC)-encoding genes were screened by
multiplex polymerase chain reaction (mPCR), as previously described [114]. The E. coli
chromosomal ampC gene, including its promoter region, was also analyzed using Int-B2
and Int-H1 primers [99]. Escherichia coli ATCC 25922 was used as a standard control strain.

Additionally, isolates evidencing decreased susceptibility to fluoroquinolones and
colistin were screened for the presence of PMQR (qnrA, qnrB, qnrC, qnrD, qnrS, aac(6′)-Ib-cr,
oqxAB, and qepA) and plasmid-mediated colistin resistance genes (mcr-1 to mcr-9), using
primers and conditions previously described [115–117]. The isolates were also subjected to
the detection of class 1, 2, and 3 integrase encoding genes, as reported elsewhere [118,119].
Template DNAs from INIAV, German Federal Institute for Risk Assessment and the EURL-
AR culture collections were used as positive controls in all PCR reactions.

PCR products of bla genes were purified with ExoSAP-IT™ (Applied Biosystems™,
Fischer Scientific, Porto Salvo, Portugal), followed by Sanger sequencing using the BigDye®

Terminator v3.1 Cycle Sequencing Kit’s (Applied Biosystems™, Fischer Scientific, Porto
Salvo, Portugal). Sequencing of fragments was performed in an automatic sequencer
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ABI3100 (Applied Biosystems, Warrington, UK). The identification of the bla gene variants
was determined using the Basic Local Alignment Search Tool from the NCBI website [120]
and The Comprehensive Antibiotic Resistance Database [121]. The chromosomal point
mutations of the ampC gene were identified using BioEdit Sequence Alignment Editor
version 7.2.5 [122] and BLAST with E. coli ATCC 25922 sequence as the reference genome.

4.4. Statistical Analysis

The Chi-square test was used to evaluate the statistical differences in the prevalence
of antibiotic resistance between the matrices (beef, pork, and poultry). Fisher’s exact test
was used as an alternative when the assumptions of the asymptotic analysis were not
met. Statistical analysis was performed using the SPSS v26.0 (IBM). A probability value of
p ≤ 0.05 was considered to indicate statistical significance.

5. Conclusions

In conclusion, this research paper complements and updates previous studies in
Portugal, regarding antimicrobial resistance in Enterobacteriaceae from food products of
animal origin. The investigation showed that E. coli could yield diverse plasmid-mediated
antimicrobial resistance genes to critically important antimicrobials, posing a great hazard
to food safety and a public health risk.

It also alerts for the emergence of ESBL variants uncommon in Europe like CTX-M-65
and CTX-M-55 in food products of animal origin. This study also reinforces previous
reports that ESBL/AMPC producing E. coli has become one of the main indicators to
estimate the burden of antimicrobial resistance in animals and other sectors from a One
Health perspective.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
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87. Aslantaş, Ö. High occurrence of CMY-2-type beta-lactamase-producing Escherichia coli among broiler flocks in Turkey. Trop. Anim.
Health Prod. 2020, 52, 1681–1689. [CrossRef]

88. Clemente, L.; Manageiro, V.; Ferreira, E.; Jones-Dias, D.; Correia, I.; Themudo, P.; Albuquerque, T.; Geraldes, M.; Matos,
F.; Almendra, C.; et al. Antimicrobial susceptibility and oxymino-β-lactam resistance mechanisms in Salmonella enterica and
Escherichia coli isolates from different animal sources. Res. Microbiol. 2015, 166, 574–577. [CrossRef]

89. Rodríguez-González, M.J.; Jiménez-Pearson, M.A.; Duarte, F.; Poklepovich, T.; Campos, J.; Araya-Sánchez, L.; Chirino-Trejo, T.;
Barquero-Calvo, E. Multidrug-Resistant CTX-M and CMY-2 Producing Escherichia coli Isolated from Healthy Household Dogs
from the Great Metropolitan Area, Costa Rica. Microb. Drug Resist. 2020, 26, 1421–1428. [CrossRef]

90. Guillouzouic, A.; Caroff, N.; Dauvergne, S.; Lepelletier, D.; Perrin Guyomard, A.; Kempf, I.; Reynaud, A.; Corvec, S. MLST typing
of Escherichia coli isolates overproducing AmpC β-lactamase. J. Antimicrob. Chemother. 2009, 63, 1290–1292. [CrossRef]

91. Tracz, D.M.; Boyd, D.A.; Hizon, R.; Bryce, E.; McGeer, A.; Ofner-Agostini, M.; Simor, A.E.; Paton, S.; Mulvey, M.R. ampC
gene expression in promoter mutants of cefoxitin-resistant Escherichia coli clinical isolates. FEMS Microbiol. Lett. 2007, 270, 265.
[CrossRef]

92. Haenni, M.; Châtre, P.; Madec, J.Y. Emergence of Escherichia coli producing extended-spectrum AmpCβ-lactamases (ESAC) in
animals. Front. Microbiol. 2014, 5, 53. [CrossRef] [PubMed]

http://doi.org/10.2807/1560-7917.ES.2017.22.31.30584
http://doi.org/10.1128/AEM.00054-13
http://www.ncbi.nlm.nih.gov/pubmed/23455339
http://doi.org/10.3389/fmicb.2021.653595
http://www.ncbi.nlm.nih.gov/pubmed/34354678
http://doi.org/10.1016/j.jgar.2019.01.005
http://doi.org/10.1128/AAC.00488-17
http://www.ncbi.nlm.nih.gov/pubmed/28483962
http://doi.org/10.1371/journal.pone.0207567
http://www.ncbi.nlm.nih.gov/pubmed/30951531
http://doi.org/10.1128/AAC.00092-20
http://www.ncbi.nlm.nih.gov/pubmed/32312775
http://doi.org/10.1007/s10096-019-03798-3
http://www.ncbi.nlm.nih.gov/pubmed/31873863
http://doi.org/10.1371/journal.pone.0144802
http://www.ncbi.nlm.nih.gov/pubmed/26716443
http://doi.org/10.1016/j.vetmic.2018.03.028
http://doi.org/10.1007/s40265-019-01180-3
http://www.ncbi.nlm.nih.gov/pubmed/31407238
http://doi.org/10.1093/jac/dkx146
http://www.ncbi.nlm.nih.gov/pubmed/28541467
http://doi.org/10.1186/s40813-020-00146-2
http://www.ncbi.nlm.nih.gov/pubmed/32266079
http://doi.org/10.1016/j.ijantimicag.2019.09.006
http://www.ncbi.nlm.nih.gov/pubmed/31520782
http://doi.org/10.1089/fpd.2012.1173
http://www.ncbi.nlm.nih.gov/pubmed/23186548
http://doi.org/10.3389/fmicb.2020.601317
http://doi.org/10.1186/1746-6148-8-21
http://doi.org/10.1007/s11250-019-02167-8
http://doi.org/10.1016/j.resmic.2015.05.007
http://doi.org/10.1089/mdr.2020.0146
http://doi.org/10.1093/jac/dkp099
http://doi.org/10.1111/j.1574-6968.2007.00672.x
http://doi.org/10.3389/fmicb.2014.00053
http://www.ncbi.nlm.nih.gov/pubmed/24592257


Antibiotics 2021, 10, 1333 15 of 16

93. Hiroi, M.; Harada, T.; Kawamori, F.; Takahashi, N.; Kanda, T.; Sugiyama, K.; Masuda, T.; Yoshikawa, Y.; Ohashi, N. A survey of
β-lactamase-producing Escherichia coli in farm animals and raw retail meat in Shizuoka Prefecture, Japan. Jpn. J. Infect. Dis. 2011,
64, 153–155. [PubMed]

94. Hordijk, J.; Schoormans, A.; Kwakernaak, M.; Duim, B.; Broens, E.; Dierikx, C.; Mevius, D.; Wagenaar, J. High prevalence of fecal
carriage of extended-spectrum β-lactamase/AmpC-producing Enterobacteriaceae in cats and dogs. Front. Microbiol. 2013, 4, 242.
[CrossRef] [PubMed]

95. Päivärinta, M.; Pohjola, L.; Fredriksson-Ahomaa, M.; Heikinheimo, A. Low Occurrence of Extended-Spectrum β-lactamase-
Producing Escherichia coli in Finnish Food-Producing Animals. Zoonoses Public Health 2016, 63, 624–631. [CrossRef]

96. Santiago, G.; Coelho, I.; Farias, B.; Alencar, T.; Moreira, A.; Bronzato, G.; Souza, M.; Castro, B.; Ferreira, H.; Coelho, S. Detection of
mutations in ampC promoter/attenuator gene in Escherichia coli from dairy cows in Rio de Janeiro and Mato Grosso, Brazil. Afr. J.
Microbiol. Res. 2019, 13, 388–391.

97. Kojima, A.; Ishii, Y.; Ishihara, K.; Esaki, H.; Asai, T.; Oda, C.; Tamura, Y.; Takahashi, T.; Yamaguchi, K. Extended-spectrum-beta-
lactamase-producing Escherichia coli strains isolated from farm animals from 1999 to 2002: Report from the Japanese Veterinary
Antimicrobial Resistance Monitoring Program. Antimicrob. Agents Chemother. 2005, 49, 3533–3537. [CrossRef]

98. Mammeri, H.; Poirel, L.; Fortineau, N.; Nordmann, P. Naturally Occurring Extended-Spectrum Cephalosporinases in Escherichia
coli. Antimicrob. Agents Chemother. 2006, 50, 2573–2576. [CrossRef]

99. Rodríguez-Martínez, J.M.; Cano, M.E.; Velasco, C.; Martínez-Martínez, L.; Pascual, A. Plasmid-mediated quinolone resistance: An
update. J. Infect. Chemother. 2011, 17, 149–182. [CrossRef]

100. Sales of Veterinary Antimicrobial Agents in 31 European Countries in 2017, Trends from 2010 to 2017; Ninth ESVAC Report; EMA/294674;
European Medicines Agency: Amsterdam, The Netherlands, 2017.

101. Liu, X.; Wei, X.; Liu, L.; Feng, X.; Shao, Z.; Han, Z.; Li, Y. Prevalence and characteristics of extended-spectrum β-lactamases-
producing Escherichia coli from broiler chickens at different day-age. Poult. Sci. J. 2020, 99, 3688–3696. [CrossRef]

102. Ramirez, M.; Tolmasky, M. Aminoglycoside Modifying Enzymes. Drug Resist. Updat. 2010, 13, 151–171. [CrossRef]
103. Sunde, M.; Simonsen, G.S.; Slettemeas, J.S.; Bockerman, I.; Norstrom, M. Integron, Plasmid and Host Strain Characteristics of

Escherichia coli from Humans and Food Included in the Norwegian Antimicrobial Resistance Monitoring Programs. PLoS ONE
2015, 10, e0128797. [CrossRef] [PubMed]

104. Sung, J.Y.; Oh, J.E. Distribution and characterization of integrons in Enterobacteriaceae isolates from chickens in Korea. J. Microbiol.
Biotechnol. 2014, 24, 1008–1013. [CrossRef]

105. Garcia-Migoura, L.; Hendriksen, R.; Fraile, L.; Aarestrup, F. Antimicrobial resistance of zoonotic and commensal bacteria in
Europe: The missing link between consumption and resistance in veterinary medicine. Vet. Microbiol. 2014, 170, 1–9. [CrossRef]
[PubMed]

106. Caratolli, A. Plasmids and the spread of resistance. Int. J. Med. Microbiol. 2013, 303, 298–304. [CrossRef] [PubMed]
107. Poirel, L.; Madec, J.Y.; Lupo, A.; Schink, A.K.; Kieffer, N.; Nordmann, P.; Schwarz, S. Antimicrobial Resistance in Escherichia coli.

Microbiol. Spectr. 2018, 6, 1–27. [CrossRef] [PubMed]
108. Mughini-Gras, L.; Dorado-Garcia, A.; van Duijkeren, E.; van den Bunt, G.; Dierickx, C.; Bonten, M.; Bootsma, M.; Schmitt, H.;

Hald, T.; Evers, E.; et al. Attributable sources of community-acquired carriage of Escherichia coli containing β-lactam antibiotic
resistance genes: A population-based modelling study. Lancet Planet. 2019, 8, e357–e369. [CrossRef]

109. Commission Implementing Decision of 12 November 2013 on the Monitoring and Reporting of Antimicrobial Resistance in Zoonotic and
Comensal Bacteria (652/2013/EU); Official Journal of the European Union: Brussels, Belgium, 2013; L303/26-L303/39.

110. EURL-AR. European Reference Laboratory for Antimicrobial Resistance. Protocols. Available online: https://www.eurl-ar.eu/
protocols.aspx (accessed on 16 April 2021).

111. European Committee for Antimicrobial Susceptibility Testing (EUCAST). MIC and Zone Diameter Distributions and ECOFFs.
Available online: https://www.eucast.org/mic_distributions_and_ecoffs/ (accessed on 16 April 2021).

112. Magiorakos, A.P.; Srinivasan, A.; Carey, R.B.; Carmeli, Y.; Falagas, M.E.; Giske, C.G.; Monnet, D.L. Multidrug-resistant, extensively
drug-resistant and pandrug resistant bacteria: An international expert proposal for interim standard definitions for acquired
resistance. Clin. Microbiol. Inf. 2012, 18, 268–281. [CrossRef]

113. Holmes, D.; Quigley, M. A rapid boiling method for the preparation of bacterial plasmids. Anal. Biochem. 1981, 114, 193–197.
[CrossRef]

114. Dallene, C.; Da Costa, A.; Decré, D.; Favier, C.; Arlet, G. Development of a set of multiplex PCR assays for the detection of genes
encoding important beta-lactamases in Enterobacteriaceae. J. Antimicrob. Chemother. 2010, 65, 490–495. [CrossRef] [PubMed]

115. Borowiak, M.; Baumann, B.; Fischer, J.; Thomas, K.; Deneke, C.; Hammerl, J.; Szabo, I.; Malorny, B. Development of a Novel
mcr-6 to mcr-9 Multiplex PCR and Assessment of mcr-1 to mcr-9 Occurrence in Colistin-Resistant Salmonella enterica Isolates from
Environment, Feed, Animals and Food (2011–2018) in Germany. Front. Microbiol. 2020, 11, 80. [CrossRef]

116. Ciesielczuk, H.; Hornsey, M.; Choi, V.; Woodford, N.; Wareham, D. Development and evaluation of a multiplex PCR for eight
plasmid-mediated quinolone-resistance determinants. J. Med. Microbiol. 2013, 62, 1823–1827. [CrossRef] [PubMed]

117. Rebelo, A.; Bortolaia, V.; Kjeldgaard, J.; Pedersen, S.; Leekitcharoenphon, P.; Hansen, I.; Guerra, B.; Malorny, B.; Borowiak, M.;
Hammerl, J.A.; et al. Multiplex PCR for detection of plasmid-mediated colistin resistance determinants, mcr-1, mcr-2, mcr-3, mcr-4
and mcr-5 for surveillance purposes. Eurosurveillance 2018, 23, 17-00672. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/21519132
http://doi.org/10.3389/fmicb.2013.00242
http://www.ncbi.nlm.nih.gov/pubmed/23966992
http://doi.org/10.1111/zph.12277
http://doi.org/10.1128/AAC.49.8.3533-3537.2005
http://doi.org/10.1128/AAC.01633-05
http://doi.org/10.1007/s10156-010-0120-2
http://doi.org/10.1016/j.psj.2020.04.015
http://doi.org/10.1016/j.drup.2010.08.003
http://doi.org/10.1371/journal.pone.0128797
http://www.ncbi.nlm.nih.gov/pubmed/26047499
http://doi.org/10.4014/jmb.1404.04058
http://doi.org/10.1016/j.vetmic.2014.01.013
http://www.ncbi.nlm.nih.gov/pubmed/24589430
http://doi.org/10.1016/j.ijmm.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/23499304
http://doi.org/10.1128/microbiolspec.ARBA-0026-2017
http://www.ncbi.nlm.nih.gov/pubmed/30003866
http://doi.org/10.1016/S2542-5196(19)30130-5
https://www.eurl-ar.eu/protocols.aspx
https://www.eurl-ar.eu/protocols.aspx
https://www.eucast.org/mic_distributions_and_ecoffs/
http://doi.org/10.1111/j.1469-0691.2011.03570.x
http://doi.org/10.1016/0003-2697(81)90473-5
http://doi.org/10.1093/jac/dkp498
http://www.ncbi.nlm.nih.gov/pubmed/20071363
http://doi.org/10.3389/fmicb.2020.00080
http://doi.org/10.1099/jmm.0.064428-0
http://www.ncbi.nlm.nih.gov/pubmed/24000223
http://doi.org/10.2807/1560-7917.ES.2018.23.6.17-00672


Antibiotics 2021, 10, 1333 16 of 16

118. Kargar, M.; Mohammadalipour, Z.; Doosti, A.; Lorzadeh, S.; Japoni-Nejad, A. High prevalence of class 1 to 3 integrons among
multidrug-resistant diarrheagenic Escherichia coli in southwest of Iran. Osong Public Health Res. Perspect. 2014, 5, 193–198.
[CrossRef] [PubMed]

119. Machado, E.; Cantón, R.; Baquero, F.; Galán, J.C.; Rollán, A.; Peixe, L.; Coque, T. Integron Content of Extended-Spectrum-β-
Lactamase-Producing Escherichia coli Strains over 12 Years in a Single Hospital in Madrid, Spain. Antimicrob. Agents Chemother.
2005, 49, 1823–1829. [CrossRef] [PubMed]

120. Basic Local Alignment Search Tool. Available online: https://blast.ncbi.nlm.nih.gov/BlastAlign.cgi (accessed on 16 April 2021).
121. The Comprehensive Antibiotic Resistance Database. Available online: https://card.mcmaster.ca/ (accessed on 16 April 2021).
122. Hall, T.A. BioEdit: A User-Friendly Biological Sequence Alignment Editor and Analysis Program for Windows 95/98/NT. Nucleic

Acids Symp. Ser. 1999, 41, 95–98.

http://doi.org/10.1016/j.phrp.2014.06.003
http://www.ncbi.nlm.nih.gov/pubmed/25379369
http://doi.org/10.1128/AAC.49.5.1823-1829.2005
http://www.ncbi.nlm.nih.gov/pubmed/15855502
https://blast.ncbi.nlm.nih.gov/BlastAlign.cgi
https://card.mcmaster.ca/

	Introduction 
	Results 
	Bacterial Isolation 
	Antimicrobial Susceptibility Phenotypes 
	Molecular Characterization of Isolates 

	Discussion 
	Materials and Methods 
	Bacterial Isolation 
	Antimicrobial susceptibility testing 
	Molecular Characterization of Antimicrobial Resistance Genes and Integrons 
	Statistical Analysis 

	Conclusions 
	References

