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Abstract 
Introduction: Colistin and β-lactams are widely investigated because of their effectiveness in the treatment of human diseases. This study 
investigated the phenotypic and genotypic profiles of colistin- and β-lactam-resistant Escherichia coli (n = 235) obtained from bovines, swine, 
and workers from a mixed slaughterhouse in Brazil. 
Methodology: The disk diffusion method was used to test the resistance against β-lactams (amoxicillin, ampicillin, cefaclor, cefazolin, 
cefepime, cefotaxime, ceftazidime, ceftriaxone, imipenem, meropenem, and aztreonam). In order to test colistin resistance, the isolates were 
subjected to the minimum inhibitory concentration (MIC) technique using the broth microdilution method (BMD; 0.5 to 16 μg/mL) and 
polymerase chain reaction (PCR) assays targeting colistin- (mcr-1 to mcr-5) and β-lactam- (blaTEM, blaCTX-M, blaSHV, ampC) genes. The 
pmrAB mutation was further investigated. 
Results: The isolates presented resistance, especially to ampicillin (cattle: 14/106, swine: 62/100, humans: 10/29) and amoxicillin (cattle: 7/106, 
swine: 61/100, humans: 8/29). One swine isolate was characterized as extended spectrum β-lactamase (ESBL) producer. The isolates obtained 
from swine presented higher frequencies of colistin resistance (13/100) when compared to isolates from bovines (5/106) and humans (0/29). 
Molecular assays concluded that the isolates presented blaTEM (swine: 67/100, humans: 7/29), ampC (swine: 1/100), and blaCTXM (swine: 
1/100). The pmrAB complex presented mutations (T31S, P42A, I128N, G144S, H2R, N358Y, D283G, K15I). 
Conclusions: This study highlights the presence of antimicrobial resistance and presents a method to verify these factors in the animal 
production chain. 
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Introduction 

The emergence of antimicrobial resistance amongst 
bacteria is a worldwide concern since the 
ineffectiveness of antibiotics jeopardizes medical 
treatment and represents a threat to public health. This 
issue has intensified over time, and one of the reasons 
is the usage of antibiotics in the food production chain 
[1,2]. 

Among the bacteria associated with antimicrobial 
resistance, Escherichia coli plays an important role in 
the food production chain, contributing significantly to 
the dissemination of resistance genes among animals, 
humans, and the environment [3]. E. coli frequently has 
resistance to several antibiotics, such as beta-lactams — 
the broadest class of antibiotics and most commonly 
used for the treatment of infections caused by Gram-

negative bacteria. However, due to alterations in porins 
and penicillin-binding proteins, or due to the production 
of enzymes called beta-lactamase (usually associated 
with blaTEM, blaCTX-M, blaSHV, ampC), the 
treatment of these infections can be seriously 
compromised [4,5]. 

Colistin (COL) is another antibiotic of concern 
worldwide. COL was not used for a certain period of 
time since its discovery due to its toxicity and was 
replaced by less toxic antibiotics. However, with the 
increase in antimicrobial resistance, its use has resumed 
in recent decades, making it a last-choice drug [3,6,7]. 
Unfortunately, resistance to COL has also been reported 
in E. coli due to factors such as changes in the structure 
and charge of the lipopolysaccharide (LPS) structure of 
COL, mutations in the two-component system 
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(PmrA/PmrB and PhoP/PhoQ), and the presence of 
genes in mobile elements (mcr) [1,8]. 

These antibiotics are widely used in the food 
production chain, and resistance to them has been 
frequently reported in E. coli isolated from livestock. 
Considering that Brazil is a major producer and 
exporter of beef and pork, it is of great importance to 
analyze the panorama of bacterial resistance associated 
with farmed animals and workers involved in these 
production chains. Therefore, the aim of this work was 
to investigate the resistance profiles of β-lactams and 
colistin in E. coli isolates from cattle, swine, and 
workers from a slaughterhouse that processes swine and 
cattle. 

 
Methodology 

A total of 235 E. coli isolates from bovine (n = 106) 
and swine (n = 100) feces collected at the rectus 
occlusion step, and slaughterhouse workers' (n = 29) 
feces were selected for this study. Briefly, the samples 
were collected in 2019 from a meat processing plant of 
bovines and swine located at Uberlândia, Minas Gerais, 
Brazil; by the official federal inspection services. This 
slaughterhouse processed 170 bovine and 200 swine per 
week.  

Informed consent was obtained from all humans for 
feces collection. The protocol was approved by the 
Ethics Committee for Research with Human Beings — 
Comitê de Ética em Pesquisa (CEP) com Seres 
Humanos (protocol number 3.366.306), and the 
Commission for Ethics in the Use of Animals of the 
Universidade Federal de Viçosa (UFV) Comissão de 
Ética no Uso de Animais (CEUA) da UFV (protocol 
number 49/2019). 

All isolates were reevaluated by microbiological 
analyses, cultured on MacConkey agar, and subjected 
to biochemical tests — motility, gas production, urease, 
H2S production, indole production, lysine 
decarboxylation, and citrate production. The same 
methodology was used to investigate E. coli in all the 
samples. 

 
Phenotypical antimicrobial resistance for β-lactams 
and colistin 

The E. coli isolates were characterized by their β-
lactam resistance profiles against 11 antibiotics: 
amoxicillin (AMO, 10 μg), ampicillin (AMP, 10 μg), 
cefaclor (CFC, 30 μg), cefazolin (CFZ, 30 μg), 
cefepime (CPM, 30 μg), cefotaxime (CTX, 30 μg), 
ceftazidime (CAZ, 30 μg), ceftriaxone (CRO, 30 μg), 
imipenem (IPM, 10 μg), meropenem (MPM, 10 μg), 
and aztreonam (ATM, 30 μg), using the disk diffusion 

assay as described by Bauer et al. [9]. Briefly, the 
isolates were cultivated in brain heart infusion (BHI; 
OXOID, Basingstoke, UK) at 37 °C overnight, adjusted 
to 0.5 McFarland standard, and plated onto Müller–
Hinton agar (OXOID, Basingstoke, UK). The 11 
antibiotic disks were added to each isolate plate and 
incubated at 37 °C for 24 hours. After incubation, the 
inhibitory zone was read, following the protocol of 
CLSI [10], and the isolates characterized as resistant or 
susceptible. 

The isolates that were resistant to CPM, CTX, CAZ, 
or CRO were subjected to the double-disk diffusion 
assay test for extended spectrum β-lactamase (ESBL) 
detection [10,11]. For ESBL detection, the isolates were 
grown in BHI (OXOID), normalized in 0.5 of 
McFarland standard, and plated on Müller–Hinton agar 
plates (OXOID, Basingstoke, UK) with five antibiotic 
disks (CRO 30 μg; CTX, 30 μg; CPM, 30 μg; CAZ, 
30 μg; and amoxicillin–clavulanic acid, 30 μg). The 
plates were incubated at 37 °C for 20 hours, and then 
the isolates were considered positive for ESBLs based 
on the presence of a “ghost zone” — an enlargement of 
the inhibition zone between the disks [11]. 

The isolates were subjected to the minimum 
inhibitory concentration (MIC) following the protocol 
to CLSI for investigating colistin resistance [10]. The 
E. coli isolates were reactivated in BHI broth (OXOID, 
Basingstoke, UK) and incubated overnight at 37 °C. 
Subsequently, they were spread on MacConkey agar 
and incubated under the same conditions. Colonies 
from all isolates were added to tubes with Müller–
Hinton II cation-adjusted broth (BD, OXOID, 
Basingstoke, UK) up to the 0.5 McFarland standard 
concentration. After this, 20 μL of the bacterial 
suspension was added to each well of a sterilized 96-
well plate containing 180 μL of Müller–Hinton II 
cation-adjusted broth with colistin sulfate 
concentrations of 0.5, 1, 2, 4, 8, and 16 μg/mL. The 
plate was incubated at 33 °C for 20 hours, the inhibitory 
concentration was annotated, and the isolate was 
characterized according to the standards established by 
the European Committee on Antimicrobial 
Susceptibility Testing (EUCAST). A concentration > 2 
μg/mL were defined as resistant, and ≤ 2 μg/mL as 
sensitive [12]. All tests were performed in duplicate. E. 
coli ATCC 25922 was used as a quality control strain 
for all tests. 

 
Investigation of resistance genes for COL and β- 
lactam 

All isolates used in this experiment were 
investigated for resistance genes. The DNA of each E. 
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coli isolate was obtained by the boiling technique. The 
isolates were screened by polymerase chain reaction 
(PCR) [13–18] for the presence of mcr-1, mcr-2, mcr-
3, mcr-4, and mcr-5 (COL); and blaTEM, blaCTX-M, 
blaSHV, ampC (β-lactam) genes (Supplementary Table 
1). The PCR mixtures for the amplification were 
composed of GoTaq Green Master Mix (Promega, 
Madison, USA), 200 nMol of each primer, 5 µL DNA 
samples, and nuclease-free water up to a final volume 
of 25 µL. The PCR products were electrophoresed in 
1.5% agarose gel, stained with Unisafe® intercalator 
(UniScience, Osasco, Brazil), and visualized using L-
PIX-HE (Loccus Biotecnologia, Cotia, Brazil). All 
positive controls used in this study were wild type 
strains that were whole genome sequenced (WGS) and 
from our collection.  

 
Investigation of colistin mutation at the pmrAB 
complex 

The pmrAB gene complex of the isolates that 
showed COL-resistance were sequenced. Briefly, pmrA 
and pmrB were amplified by the PCR technique [19] 
(Supplementary Table 1). The amplified products were 
purified using the kit Wizard® SV Gel and the PCR 
Clean-Up System (Promega, Madison, USA), and the 
product was sequenced by an external service provider 
(ACTGene Análises Moleculares, Brazil). The 
sequences and mutations were analyzed using the 
software MEGA 11 [20]. The pmrA and pmrB genes of 
the isolates were compared with E. coli ATCC 25922 
(TaxID: 1322345; Locus: CP009072.1), and the 
mutation regions were annotated. 

 
Statistical analysis 

The antimicrobial resistance among E. coli isolates 
was compared by Chi-square or Fisher’s exact test (0 = 
sensitive and 1 = resistant) using RStudio software [21], 
and p < 0.05 was considered as the significance level. 
The GEPHI figure was built using the modularity 
algorithm [22].  

 
Results 

In our analysis of phenotypical antimicrobial 
resistance, β-lactam resistance was detected in 59.6% 
(140/235) of all isolates tested, highlighting resistance 
to AMP and AMO in all production chains (Table 1 and 
Figure 1). We also detected resistance to other 
antibiotics, albeit at lower frequencies and mainly in 
swine. E. coli of human origin showed resistance only 
to the penicillin group and to CFZ. In addition, 
carbapenem resistance was identified only in 1 isolate 
from bovines and 3 from swine. There was no 
significant difference (p > 0.05) in antibiotic resistance 
found among the isolates from the 3 groups (bovine, 
swine, and human). 

Among all samples, only 1 isolate from swine was 
characterized as an ESBL producer. Among the β-
lactam genes, blaTEM was detected in samples from 
swine (67%, 67/100), and humans (24.14%, 7/29); 
ampC was detected at low frequencies in samples from 

Table 1. Frequency of antibiotic resistance in Escherichia coli isolates from bovine, swine and human feces. 
Group Antibiotics Phenotypical resistance (%)  

Bovine (n = 106) Swine (n = 100) Human (n = 29) Total (n = 235) 
Polymyxin Colistin 4.7 13 0 7.7 

Penicillin Ampicillin 13.2 62 34.5 36.6 
Amoxicillin 6.6 61 27.6 32.3 

Cephalosporins 

Cefazolin 2.8 39 27.6 21.3 
Cephaclor 0.9 11 0 5.1 

Cefotaxime 1.9 12 0 6.0 
Ceftriaxone 1.9 10 0 5.1 
Ceftazidime 1.9 10 0 5.1 

Cefepime 0.9 5 0 2.6 

Carbapenems Imipenem 0.9 2 0 1.3 
Meropenem 0.9 2 0 1.3 

Monobactams Aztreonam 2.8 12 0 6.4 
 

Figure 1. Networking analysis comparing the groups (bovine, 
swine, and human) to the phenotypical antimicrobial resistance 
profile. Higher diameters indicate strong presence. 
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swine (1%, 1/100); and only 1 isolate from swine was 
positive for blaCTXM (1%, 1/100). 

A total of 7.7% (18/235) E. coli isolates showed 
phenotypic resistance to COL. The isolates from swine 
showed the highest resistance to this antibiotic (13.0%), 
followed by the isolates from bovines (4.7%). None of 
the tested isolates presented mcr (mcr-1 to mcr-5). 
However, sequence analysis showed various mutations 
in the pmrAB complex, such as T31S, I128N, G144S, 

P42A, in pmrA; and H2R, N358Y, D283G, K15I, H2R, 
in pmrB (Table 2). 

The antibiotic resistance profiles varied, and there 
were a total of 25 different combinations (Table 3). It is 
important to highlight that among the species, swine 
presented the highest number of resistance profiles (67), 
whereas many bovine and human isolates did not show 
any resistance. 

The swine isolates exhibited 21 antibiotic resistance 
profiles; the bovine isolates had 7 resistance profiles, 

Table 2. All characteristics (phenotypical resistance profile, β-lactams genes, colistin genes, MIC breakpoint, and pmrAB complex mutations) 
of the isolates resistant to colistin.  

Is
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 Species Phenotypical resistance profile 
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152 Bovine COL, AMP - - - -  4 T31S, I128N, G144S H2R - - - - - 
173 Bovine COL - - - -  4 T31S, I128N, G144S H2R, N358Y - - - - - 
196 Bovine COL - - - -  > 16 T31S, I128N, G144S H2R, N358Y - - - - - 
208 Bovine COL - - - -  > 16 T31S, I128N H2R, N358Y - - - - - 
209 Bovine COL - - - -  > 16 T31S, I128N H2R, N358Y - - - - - 
301 Swine COL, CAZ, ATM - - - -  16 T31S, I128N, G144S H2R, N358Y - - - - - 
303 Swine COL + - - +  > 16 T31S, I128N, G144S H2R, D283G - - - - - 
309 Swine COL, AMP, AMO + - - -  > 16 T31S, I128N, G144S H2R, D283G - - - - - 

332 Swine COL, AMP, AMO + - - -  > 16 T31S, P42A, I128N, 
G144S H2R, D283G - - - - - 

348 Swine COL,AMP,AMO,CFZ,CFC,CTX,CRO,CAZ,CPM,ATM + - - -  > 16 T31S, I128N, G144S H2R, N358Y - - - - - 
369 Swine COL,AMP,AMO,CTX,CRO,CAZ,ATM + - - -  > 16 T31S, I128N, G144S H2R, D283G - - - - - 
377 Swine COL,CFZ,CFC,CTX,CRO,CAZ,CPM, ATM + - - -  > 16 None K15I - - - - - 
394 Swine COL, AMP, AMO + - - -  16 T31S, I128N, G144S H2R, D283G - - - - - 
399 Swine COL, AMP, AMO + - - -  4 T31S, I128N, G144S H2R, D283G - - - - - 
415 Swine COL,AMP,AMO,CFZ,CFC,CTX,CRO,CAZ,CPM,IPM,ATM + - - -  > 16 None none - - - - - 
422 Swine COL, CFC + - - -  > 16 T31S, I128N, G144S H2R, D283G - - - - - 
427 Swine COL, AMP, AMO + - - -  4 none H2R - - - - - 
436 Swine COL, AMP, AMO, CFZ + - - -  4 T31S, I128N, G144S H2R - - - - - 

Resistance to colistin was tested by the minimum inhibitory concentration (MIC) method, and resistance to β-lactams was tested by the disc diffusion assay. 
AMO: amoxicillin; AMP: ampicillin; ATM: aztreonam; CAZ: ceftazidime; CFC: cefaclor; CFZ: cefazolin; COL: colistin; CPM: cefepime; CRO: ceftriaxone; 
CTX: cefotaxime; IPM: imipenem; MPM: meropenem. 

Table 3. Antibiotic resistance profiles of Escherichia coli isolates from bovine, swine, and human feces. 
Antibiotic resistance profile Species (isolates) Total Bovine Swine Human 
COL 4 1 - 5 
AMP 1 - - 1 
AMO 1 - - 1 
ATM 1 1 - 2 
COL, AMP 1 - - 1 
COL, CFC - 1 - 1 
AMP, AMO - 18 1 19 
COL, AMP, AMO - 5 - 5 
COL, CAZ, ATM - 1 - 1 
AMP, AMO, CFZ - 25 6 31 
COL, AMP, AMO, CFZ - 1 - 1 
AMP, AMO, CFZ, CFC - 2 - 2 
AMP, AMO, CFZ, CTX - 1 - 1 
AMP, AMO, CFZ, CFC, CTX - 1 - 1 
CTX, CRO, CAZ, CPM, ATM - 1 - 1 
AMP, AMO, CTX, CRO, CAZ,  ATM 1 - - 1 
COL, AMP, AMO, CTX, CRO, CAZ, ATM - 1 - 1 
AMP, AMO, CFZ, CTX, CRO, CAZ, ATM - 1 - 1 
COL, CFZ, CFC, CTX, CRO, CAZ, CPM, ATM - 1 - 1 
AMP, AMO, CFZ, CFC, CTX, CRO, CAZ, ATM - 1 - 1 
AMP, AMO, CFZ, CFC, CTX, CRO, MPM, ATM - 1 - 1 
AMP, AMO, CFZ, CFC, CTX, CRO, CAZ, ATM, ESBL - 1 - 1 
COL, AMP, AMO, CFZ, CFC, CTX, CRO, CAZ, CPM, ATM - 1 - 1 
COL, AMP, AMO, CFZ, CFC, CTX, CRO, CAZ, CPM, IPM, ATM - 1 - 1 
AMP, AMO, CFZ, CFC, CTX, CRO, CAZ, CPM, IPM, MPM, ATM 1 1 - 2 
Total 10 67 7 84 
Resistance to colistin was tested by the minimum inhibitory concentration (MIC) method, and resistance to β-lactams was tested by the disc diffusion assay. 
AMO: amoxicillin; AMP: ampicillin; ATM: aztreonam; CAZ: ceftazidime; CFC: cefaclor; CFZ: cefazolin; COL: colistin; CPM: cefepime; CRO: ceftriaxone; 
CTX: cefotaxime; ESBL: extended-spectrum β-lactamase; IPM: imipenem; MPM: meropenem.  
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and the human isolates had 2 resistance profiles. The 
profiles AMP-AMO-CFZ, COL, and AMP-AMO-CFZ, 
respectively, were the most identified in each species 
from this study. 

 
Discussion 

Overall, 7.7% (18/235) of the isolates showed 
resistance to COL, mostly isolates from swine (13%) 
followed by those from bovines (4.7%). Studies 
conducted on bovine feces in different regions of China 
have reported varying frequencies of COL resistance. 
Zhang et al. [23] reported a frequency of 26.92%, 
whereas Hassen et al. [24] reported lower frequencies, 
indicating that the prevalence of COL resistance can 
vary according to the region. However, the use of COL 
in the beef production chain is uncommon. 

The pork production chain showed a higher range 
of COL-resistance frequencies. In this study, the 
frequency was 13%, which is low compared to the 
findings of Huang et al. [25] and Zhang et al. [23], who 
reported frequencies of 24.3% and 54.25%, 
respectively. COL-resistant isolates can be attributed to 
the intensive rearing system employed for these animals 
to prevent diseases during this period, which justifies 
the administration of this antibiotic [2,23,25]. 

The use of COL in the pork production chain started 
in the 1960s, mainly to treat diseases or due to its 
metaphylactic or prophylactic actions. After its 
discovery, many countries introduced this drug in the 
pork production chain to improve the results [26]. 
Because of the high prevalence and new genes 
identified in COL-resistant bacteria, new regulations 
have been introduced [27], and in 2016 Brazil banned 
the use of COL as a growth promoter in the pork 
production industry [28]. 

Such action occurred after the reintroduction of 
polymyxins in human treatment, in the 2000s, due to the 
ineffectiveness in the treatment of infections caused by 
multidrug resistant Gram-negative bacteria [3,7,27]. 
However, traces of this antibiotic in Brazil have been 
reported, caused by the continuous use of β-lactams and 
COL in preventive or therapeutic applications in the 
pork production chain [3,29] or because resistance 
genes remained in the bacterial genetic system over 
several years, which resulted in continuous resistance 
[30]. 

COL resistance in human isolates was reported by 
other studies [31,32]. In this study, COL-resistant 
isolates were not identified. However, two isolates from 
slaughterhouse workers presented MIC results of 2 
μg/mL, raising concerns about initial resistance to this 
medication. COL serves as a last-resort treatment 

option for certain infections, emphasizing the 
significance of this finding. 

The prediction of mcr (1 to 5) genes for COL 
resistance was negative in all isolates. It is important to 
mention that other variants of this gene were not 
screened [27], which is a limitation of this study. These 
genes are important resistance factors [23,25,33], and 
because they are inserted in the plasmid, presence of 
resistance in bacteria is somehow unpredictable [26]. 
Zurfluh et al. [32] also reported the phenotypic 
presence of COL resistance but not the mcr gene, 
similar to one of the isolates of this study, which 
showed resistance to COL but lacked both mcr genes 
and mutations in the pmrAB complex. 

Mutations in specific genes, such as those in the 
two-component systems (TCS) pmrAB are other causes 
of COL resistance. In this study, mutations found in the 
pmrA (T31S, P42A, I128N, and G144S) and pmrB 
genes (H2R, N358Y, D283G, and K15I) were related to 
COL-resistant and susceptible E. coli isolates [8,34,35]. 

Huang et al. highlighted the mutation at position 
358 (N358Y) in pmrB contributing to COL resistance, 
which seems to affect the protein function [34]. The 
functionality of pmrAB genes is associated with the 
maintenance of the microbial membrane, mainly in the 
electrical charge support, and any change or mutation 
in this structure can provide such resistance [36]. Thus 
in the absence of mcr, the main hypothesis is that 
resistance is provided by some mutation in the pmrAB 
complex or another mutation in the etk e mgrR genes 
and in the PhoP-PhoQ system, as reported by previous 
studies [14,31,37,38]. 

Regarding resistance to β-lactams, E. coli isolates 
from pigs and cattle showed a higher frequency for 
AMP and AMO resistance, which is in agreement with 
previous findings [33,39,40]. This might have been 
caused by the frequent use of these antibiotics in 
veterinary medicine. Even though there is no official 
record about the antibiotics sold in Brazil, data from the 
United States show that penicillin is the second most 
sold class of antibiotics for veterinary purposes, second 
to those of the tetracycline group. Furthermore, 
cephalosporins rank seventh, polymyxins are not 
independently reported, and there are no records for 
carbapenems by the Food and Drug Administration 
Center for Veterinary Medicine [41]. 

Comparing the production chains, swine isolates 
showed a higher frequency of antibiotic resistance than 
bovine isolates. In the swine production chain, a high 
level of antibiotics is administered on the farms, mostly 
due to management practices [2,42,43]. Bovines are 
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mostly kept in extensive systems at lower densities 
compared to swine, thus minimizing antibiotic use [2]. 

Human isolates showed more resistance to 
penicillin. The high level of resistance to AMP and 
AMO is in agreement with other reports [44,45]. This 
is worrying because penicillin is widely used in human 
treatment and highly effective against infections. In this 
context, resistance caused by ESBL, for example, could 
compromise its effectiveness [46]. 

The ESBL-producing E. coli are frequently 
reported [4,47,48]. Despite the low frequency identified 
in the present study (1 ESBL-producing isolate from 
swine), the swine production system may be a 
facilitator due to the intense use of antibiotics of 
different classes. The way through which these animals 
acquire ESBL-producing bacteria is complex, including 
several ports of entry. Factors beyond cross-
contamination during slaughtering should be 
considered, such as transport vehicles, trading places, 
the introduction of new animals on the farm, and 
environmental factors such as drinking water, surface 
water, and wastewater [49]. 

Furthermore, even though the humans in this 
research did not present ESBL-producing isolates, the 
identification of an ESBL-producing isolate is a 
worrying factor as ESBL-producing E. coli isolates are 
associated with co-resistance to other classes of 
antibiotics and have resistance genes that can be 
transferred between animals and humans [47]. 

The blaTEM was the main gene distributed among 
the tested isolates (67% of swine and 24.14% of 
humans), as also observed in other studies [47,50]. In 
addition, depending of the variant, up to 90% of AMP 
resistance in E. coli can be caused by this gene, as 
described by Hussain et al. [5]. In this study, 86.49% 
(64/74) of the isolates resistant to AMP were reservoirs 
of this gene. 

Another important gene found is the ampC gene. It 
can hydrolyze different drugs such as penicillin, 
cephalosporins, and monobactams [51], increasing its 
range to extended-spectrum cephalosporins [52,53]. 
Despite the low detection of ampC in this work, and 
although it is weakly expressed in E. coli, the increased 
use of cephalosporins in livestock has increased its 
detection rate in the food production chain [54]. 

In this study, 42.55% (100/235) of all isolates 
presented at least one phenotypical resistance, but the 
main concern was multidrug resistance. A total of 25 
different resistance profiles are identified in this study, 
and there is concern regarding a specific profile of a 
swine isolate considered an ESBL producer and 
resistant to AMP, AMO, CFZ, CFC, CTX, CRO, CAZ, 

and ATM. This seems to be common in Brazil as other 
studies described similar profiles, and their isolates 
were considered multidrug-resistant, meaning they 
exhibited resistance to at least one agent in three or 
more antimicrobial categories [29,55,56].  

Carbapenem resistance was found in some profiles. 
The identification of these strains in food production 
animals is of high interest for the scientific community. 
Carbapenems are among the few antibiotics that can 
effectively combat ESBL-producing bacteria. The 
Centers for Disease Control and Prevention (CDC) 
reported that in 2017 these bacteria were responsible for 
approximately 13,100 hospitalizations and 1,100 deaths 
[57]. Additionally, some studies reported resistance to 
carbapenems in swine isolates, further exacerbating the 
situation [47,58]. 

Antimicrobial resistance is a threat to public health, 
making it important to implement surveillance, control, 
and awareness programs regarding the use of 
antibiotics. Initiatives such as the National Action Plan 
for the Prevention and Control of Antimicrobial 
Resistance are crucial for strengthening efforts to 
prevent and control antimicrobial resistance [59]. 

 
Conclusions 

The results of this study highlight the importance of 
the food production chain in the spread of antimicrobial 
resistance; and provide evidence that microorganisms, 
such as E. coli, are involved in this process. The pork 
production chain is a major concern, contributing as a 
disseminator of resistant bacteria. The results of this 
study highlight the need for mandatory surveillance 
programs to control the potential spread of 
antimicrobial resistance through the final product. 
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Annex – Supplementary items 
 
Supplementary Table 1. Primers used for the detection of mcr1-5, blaTEM, blaCTX-M, blaSHV, ampC, pmrA, and pmrB genes. 

Gene Sequences 5’-3’ Fragment (bp) Tm (ºC) Reference 

mcr-1 CGGTCAGTCCGTTTGTTC 309 58 [13] CTTGGTCGGTCTGTAGGG 

mcr-2 CAAGTGTGTTGGTCGCAGTT 715 58 [14] TCTAGCCCGACAAGCATACC 

mcr-3 AAATAAAAATTGTTCCGCTTATG 929 58 [14] AATGGAGATCCCCGTTTTT 

mcr-4 TCACTTTCATCACTGCGTTG 1116 58 [14] TTGGTCCATGACTACCAATG 

mcr-5 ATGCGGTTGTCTGCATTTATC 1644 58 [14] TCATTGTGGTTGTCCTTTTCTG 

blaTEM GAGTACTCACCATCACAGAAAAGC 489 51 [15] GACTTCCCGTCGTGTAGATAAC 

blaCTX-M TTTGCGATGTGCAGTACCAGTAA 544 51 [16] CGATATCGTTGGTGGTGCCATA 

blaSHV TTATCTCCCTGTTAGCCACC 796 55 [17] GATTTGCTGATTTCGCGCCG 

ampC AACACACTGATTGCGTCTGAC 1226 60 [18] CTGGGCCTCATCGTCAGTTA 

pmrA AGTTTTCCTCATTCGCGACCA 714 68 [19] TACCAGGCTGCGGATGATATTCT 

pmrB GGATGGCCTGATGTGACGCTGTC 1312 68 [19] GCGCGGCTTTGGCTATATGCTG 
Bp: base pairs; Tm: melting temperature/annealing temperature. 
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