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ABSTRACT

Staphylococcus aureus can develop antimicrobial resistance (AMR), which is one of the global 
health care concerns. It can colonize skin and nares of animals and humans, with the risk of entering 
the food supply chain. The aim of this study was to determine the antibiotic-resistance profile of 
Staphylococcus aureus strains through the pork supply chain. The epsilon test (Etest) and the disk 
diffusion method were used to determine the antibiotic susceptibility of fifty-five S. aureus strains 
isolated from pigs (n=28, nasal and skin), carcasses (n=12, surface of carcasses), and meat (n=15, pork 
chop and leg). Ten antibiotics of seven classes were used to assess the susceptibility of S. aureus 
isolates. An 83.6% of the isolates exhibited AMR, with a higher prevalence in pigs and a high rate 
of penicillin resistance. Multidrug-resistance (MDR) was detected in 38.2% of the isolates, being 
PEN-ERY-CIP-TET the most common resistance profile. Strains exhibiting oxacillin- and cefoxitin-
resistance were mecA-negative, while one strain was identified as vancomycin-intermediate S. aureus 
(VISA). The results confirm that measures to control and mitigate AMR need to be implemented, 
particularly during the different animal production stages.

Keywords: Antimicrobial resistance (AMR); multidrug resistance (MDR); mecA gene; methicillin-
resistant S. aureus (MRSA); vancomycin-intermediate S. aureus (VISA).

INTRODUCTION

Antimicrobial resistance (AMR) is a global 
public health concern, which involves human, 
animal, plant, and environmental health. Overuse 
and misuse of antibiotics are major contributors 
to the emergence of antimicrobial-resistant 
pathogens (FAO, 2020). Antimicrobial-resistant 
bacteria and genes associated with AMR can be 
transmitted between humans, animals, and the 
environment through the food supply chain, 
which represents a potential exposure route and 
a risk to public health (Bennani et al., 2020). 

One of the pathogens that can develop AMR is 

Staphylococcus aureus, which can cause from mild 
to life-threatening skin and soft tissue infections 
in humans (Tong et al., 2015). This pathogen can 
also cause food poisoning through the production 
of enterotoxins (Argudín et al., 2010). According 
to the World Health Organization (WHO), the 
increasing rates of methicillin-resistant S. aureus 
(MRSA) infection is a major concern worldwide, 
being classified as Priority 2 (high) in the global 
priority pathogens list of antibiotic-resistant 
bacteria (WHO, 2017). The infections caused by 
MRSA are classified as health-care-associated 
MRSA (HA-MRSA), community-associated 
MRSA (CA-MRSA), and livestock-associated 
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MRSA (LA-MRSA) (Junnila et al., 2020). 
Methicillin resistance is primarily mediated 
by the following mechanisms: production of 
an altered penicillin-binding protein, PBP2’ 
(also called PBP2a, encoded by the mecA 
gene), which has a lower affinity for β-lactam 
antibiotics (Alipour et al., 2014); an increase of the 
β-lactamase production in borderline oxacillin-
resistant S. aureus (BORSA); and modifications 
in the native PBPs, apparently by mutations in 
the transpeptidase domains in modified S. aureus 
(MODSA) (Argudín et al., 2018). Staphylococcus 
aureus can colonize skin, nares, and other mucosal 
membranes of animals and humans (Haag et al., 
2019; Ajoke et al., 2012), and thus can be spread 
and transmitted to humans through the food 
supply chain (Bouchami et al., 2020). In fact, 
Multidrug-resistant (MDR) S. aureus and MRSA 
strains have been detected in food-producing 
animals, and food of animal origin (Buyukcangaz 
et al., 2013; Friese et al., 2013; Rajkhowa et al., 
2016; Normanno et al., 2020). Pork production 
has been primarily associated with LA-MRSA 
ST398 in humans exposed to animals, with clones 
found in pigs and pork meat (Bouchami et al., 
2020; Kim et al., 2020).

One of the most important steps to develop 
measures to mitigate AMR is to determine the 
prevalence of antimicrobial-resistant pathogens 
in different stages of the food supply chain. 
Therefore, the aim of this study was to determine 
the antibiotic-resistance profile of Staphylococcus 
aureus strains though the pork supply chain.

MATERIAL AND METHODS

Staphylococcus aureus isolates
A total of fifty-five S. aureus strains were isolated 

from independent samples between August 2015 
and January 2016 in central Chile (between the 
Metropolitan Region and the Ñuble Region). 
Samples were taken from pigs (n=28, nasal and 
skin) from four farms and two slaughterhouses, 
carcasses (n=12, surface of carcasses) from two 
slaughterhouses, and retail meat (n=15, pork 
chop and leg) from three supermarkets and seven 
butcher’s shops. S. aureus strains were isolated 
using selective enrichments and culture methods, 

while confirmation of presumptive strains 
was carried out by biochemical testing (Api® 
Staph, bioMérieux, Marcy-l’Etoile, France) and 
PCR (identification of the nuc and mecA genes) 
according to Velasco et al. (2018). Primers used 
for targeting the nuc and mecA genes are shown 
in Table 1. The PCR reactions were carried out in 
a thermocycler (MultigeneTM OptiMaxc, Labnet 
International, Inc., Edison, NJ) as follows: 94°C 
for 10 min (initial denaturation); 40 cycles with 
94°C for 1 min (denaturation), 51°C for 1 min 
(annealing), 72 °C for 2 min (extension); and 72°C 
for 5 min (final extension).

The protein PBP2’ was determined by latex 
agglutination test (Oxoid Ltd., Hants, United 
Kingdom).

Antibiotic susceptibility testing
Ten antibiotics of seven classes were used to 

assess the susceptibility of S. aureus isolates. 
The epsilon test (Etest) (Liofilchem® ​​SRL, Italy) 
with strips with gradient concentrations from 
0.016 µg L-1 to 256 µg L-1 was used to determine 
the minimum inhibitory concentration (​​MIC) of 
oxacillin, penicillin, tetracycline, erythromycin, 
vancomycin, gentamicin, kanamycin, 
ciprofloxacin, and quinupristin/dalfopristin. The 
disk diffusion method was used to determine the 
susceptibility to cefoxitin (disks containing 30 
μg).
Briefly, 0.1 mL of bacterial solution (saline 

solution 0.85% of NaCl) with a concentration 
of 108 CFU mL-1 approximately (0.5 McFarland 
turbidity standard) was uniformly distributed on 
Mueller-Hinton agar (MHA) plates using a cotton 
swab. MHA supplemented with 2% NaCl was 
used to test oxacillin and cefoxitin. The antibiotic 
strips and disks were placed onto the surface 
of inoculated plates and incubated at 35 ± 2°C 
during 24 h, with two replicates.

Reference strains were used as positive or 
negative controls according to their registered 
resistance profile: ATCC 43300 (MRSA), ATCC 
25923 (S. aureus), and ATCC 13076 (Salmonella 
enterica subsp. enterica).

The breakpoints were interpreted according 
to the Clinical Laboratory Standards Institute 
guidelines (CLSI, 2018).

Table 1 Primers used for the identification of nuc and mecA genes.

Gene	 Primer	 Oligonucleotide sequence (5’-3’)	 Amplicon size (bp)

nuc	 nuc-1	 GCGATTGATGGTGATACGGTT	 279	 nuc-2	 AGCCAAGCCTTGACGAACTAAAGC	

mecA	 mecA-1	 AAAATCGATGGTAAAGGTTGGC	 533	 mecA-2	 AGTTCTGCAGTACCGGATTTGC	
Fuente: Velasco et al. (2018).
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Statistical analysis
The Chi-square test was used to determine 

significance in prevalence of antibiotic-resistant S. 
aureus between sample types only if no more than 
20% of the expected counts were less than 5 and 
all individual expected counts were 1 or greater. 
On the contrary, Fisher’s exact test was used 
with two-sided P-values. The statistic software 
Infostat® was used to assess significance (P≤0.05).

RESULTS AND DISCUSSION

An 83.6% (46/55) of the S. aureus strains isolated 
from the pork supply chain exhibited resistance 
to one or more classes of antibiotics (Table 2). 
Significant differences (P≤0.05) in prevalence 
of antibiotic-resistant S. aureus were observed 
between the types of samples for erythromycin, 
ciprofloxacin and tetracycline, with a greater 
resistance in animals compared to that observed 
in carcasses and retail meat. Previous studies 
have also reported a high prevalence of AMR 
and MDR S. aureus strains in pigs (Buyukcangaz 
et al., 2013; Rajkhowa et al., 2016). In the present 
study, a high prevalence in animals was expected 
because livestock production has been considered 
as the initial source of AMR in the food supply 
chain, resulting from the use of antimicrobial 
agents in animals (Bennani et al., 2020). In Chile, 
those antibiotics are currently used in pork 
production only for therapeutic, prophylaxis or 
methaphylaxis purposes. At the country level,  the 
use of antibiotics as growth promoters in animal 
production has been banned since 2007 (Res. SAG 
N°3447, 2006), same as in other countries of the 

European Union (Regulation (EC) No 1831/2003). 
However, despite efforts to prevent resistance, 
misuse or overuse of antibiotics could have 
caused the emergence of resistant strains isolated 
today. 

The presence of oxacillin- and cefoxitin-
resistant S. aureus could suppose MRSA strains. 
However, those strains were mecA-, and PBP2’-
negative (data not shown). Therefore, other 
resistance mechanisms could be involved, such as 
the production of modified PBPs (different mecA 
gene homologues) or an increase in β-lactamase 
production (Argudín et al., 2018).  

Most of the strains isolated in this study (81.8%) 
were penicillin-resistant. This could be due to 
the action of the penicillinase enzyme, which 
hydrolyses the β-lactam ring and inactivates 
the drug, being the main cause for rendering 
penicillin useless (Peacock and Paterson, 2015). 
In addition, resistance to other antibiotics such 
as erythromycin and tetracycline was common in 
pigs. In fact, pork production has been associated 
with major antibiotic-resistant S. aureus strains 
(Bouchami et al., 2020; Kim et al., 2020), and 
a significantly higher resistance to penicillin, 
erythromycin, and tetracycline in S. aureus of 
swine origin than other type of animals has been 
detected (Rubin et al., 2011). Accordingly, the 
higher resistance to those antibiotics observed in 
the present study was expected.

Among the penicillin-resistant S. aureus strains, 
46.7% showed a MIC between 0.5 and 2 µg mL-1 
(Table 3). For erythromycin and ciprofloxacin, 
most of the resistant strains had a MIC higher 
than 256 µg mL-1, and for tetracycline ≥ 32 µg mL-1. 

Table 2. Prevalence of antibiotic-resistant S. aureus strains isolated from the pork supply chain.

            Antibiotics	                                     No (%) resistant S. aureus strains

Sub-Classes	           Agents	   Animal                  Carcass                     Meat                     Total
                                                             (n=28)	                    (n=12)	                     (n=15)	      (n=55)

Penicilins	 PEN	 21	 (75.0)	 11	 (91.6)	 13	 (86.7)	 45	 (81.8)
	 OXA	   0	   (0.0)	   1	   (8.3)	   1	   (6.7)	   2	   (3.6)
	 CEF	   0	   (0.0)	   1	   (8.3)	   1	   (6.7)	   2	   (3.6)
Macrolides*	 ERY	 18	 (64.3) a	   2	 (16.6) b	   4	 (26.7) b	 24	 (43.6)
Glycopeptides	 VAN	   0	   (0.0)	   0	   (0.0)	   0	  (0.0)	   0	   (0.0)
Aminoglycosides	 GEN	   0	   (0.0)	   1	   (8.3)	   1	  (6.7)	   1	   (1.8)
	 KAN	   6	 (21.4)	   1	   (8.3)	   2	 (13.3)	   9	 (16.4)
Quinolones**	 CIP	 15	 (53.6) a	   1	   (8.3) b	   1	   (6.7) b	 17	 (30.9)
Streptogramins	 QDA	   0	   (0.0)	   1	   (8.3)	   2	 (13.3)	   3	   (5.5)
Tetracyclines**	 TET	 17	 (60.7) a	   2	 (16.6) b	   0	   (0.0) b	 19	 (34.5)

OXA – Oxacilin, PEN – Penicilin, CEF – Cefoxitin, ERY – Erytromycin, VAN – Vancomycin, GEN – Gentamicin, KAN 
– Kanamycin,  CIP – Ciprofloxacin, QDA - Quinupristin/Dalfopristin, TET – Tetracycline.
*Different letters indicate significant differences between type of samples using Chi-square test (P≤0.05).
**Different letters indicate significant differences between type of samples using Fisher’s exact test (P≤0.05).
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The MIC provides the concentration of antibiotic 
required to inhibit the growth of a pathogen. 
Therefore, determination of the MIC in antibiotic-
resistant strains is based on the possibility 
to choose more effective infection therapies 
(Kowalska-Krachmal and Dudek-Wicher, 2021). 
In this study, the MICs of antibiotic-resistant S. 
aureus isolated from the pork supply chain could 
also be considered for characterization and for the 
development of future actions to mitigate AMR. 

Resistance to vancomycin was not observed. 
However, one S. aureus strain from an animal 

exhibited a MIC of 4 µg mL-1 for vancomycin, 
which is considered as vancomycin-intermediate-
resistant S. aureus (VISA) (CLSI, 2018).  

Vancomycin has been used as a gold standard 
to treat severe MRSA and other resistant Gram-
positive infections in humans. Nevertheless, 
the increasing S. aureus MICs and high level of 
vancomycin-resistant S. aureus (VRSA), first 
reported in 2002, have been informed (Kest and 
Kaushik, 2019). More concern is added with the 
findings of VISA strains of swine origin reported 
in other studies (Kwok et al., 2013; Moreno et al., 
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2016; Sineke et al., 2021 . 
All aminoglycosides’ breakpoints were 

deleted from CLSI (2018), except gentamicin. 
Thus, the former breakpoint for kanamycin was 
used as interpretive criteria in this study (CLSI, 
2016). Resistance to kanamycin is primarily 
caused by the production of APH(3’)-I-3, ANT(4’)
(4”)-I or bifunctional APH(2’)-AAC(6) enzymes, 
which have been related to a loss of synergism 
of kanamycin with β-lactams and glycopeptides 
(Leclercq et al., 2013). 
A total of sixteen resistance profiles were 

obtained (Table 4). Multidrug-resistance (MDR), 
defined as the resistance to 3 or more classes of 
antibiotics, was found in 8 profiles, with 38.2% 
of the S. aureus strains. Most of the multidrug-
resistant S. aureus were isolated from pigs (17/21). 
The most common resistance profiles were PEN-
ERY-CIP-TET in pigs, and PEN in carcasses and 
retail meat. These results indicates that multidrug-
resistant S. aureus strains are present in the pork 
supply chain with the risk of transmission to 
humans, and thus can cause infections that can be 
difficult to treat. 

CONCLUSIONS

Most of the S. aureus strains isolated from 
the pork supply chain exhibited AMR, while 
MDR was also detected. Samples from animals 
presented a higher prevalence of antibiotic-
resistant S. aureus strains than carcasses and 
retail meat. Oxacillin- and cefoxitin-resistant S. 
aureus strains, which were mecA-negative, were 
also detected, suggesting other mechanisms of 
methicillin resistance associated. These findings 
allow characterizing S. aureus strains in the food 
supply chain to control and reduce the use of 
antibiotics in farming in order to mitigate the 
spread of AMR. 
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Table 4 	 Antimicrobial-resistance profiles of S. aureus strains isolated from the pork supply 
chain.

                                                                                                No. (%) of all S. aureus isolates
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