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Abstract: This cross-sectional study investigates the methicillin-resistant Staphylococcus aureus (MRSA):
its prevalence, antimicrobial resistance, and molecular characteristics in healthy swine populations in
central Portugal. A total of 213 samples were collected from pigs on twelve farms, and MRSA preva-
lence was assessed using selective agar plates and confirmed via molecular methods. Antimicrobial
susceptibility testing and whole genome sequencing (WGS) were performed to characterize resistance
profiles and genetic determinants. Among the 107 MRSA-positive samples (83.1% prevalence), fatten-
ing pigs and breeding sows exhibited notably high carriage rates. The genome of 20 isolates revealed
the predominance of the ST398 clonal complex, with diverse spa types identified. Antimicrobial
susceptibility testing demonstrated resistance to multiple antimicrobial agents, including penicillin,
cefoxitin, and tetracycline. WGS analysis identified a diverse array of resistance genes, highlighting
the genetic basis of antimicrobial resistance. Moreover, virulence gene profiling revealed the presence
of genes associated with pathogenicity. These findings underscore the significant prevalence of MRSA
in swine populations and emphasize the need for enhanced surveillance and control measures to
mitigate zoonotic transmission risks. Implementation of prudent antimicrobial use practices and
targeted intervention strategies is essential to reducing MRSA prevalence and safeguarding public
health. Continued research efforts are warranted to elucidate transmission dynamics and virulence
potential, ultimately ensuring food safety and public health protection.
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1. Introduction

S. aureus, acting as a commensal bacterium, can also be a facultative pathogen, and
the acquisition of antimicrobial resistance in some strains, particularly MRSA, complicates
treatment [1]. MRSA poses a significant threat to human health, and its evolution, particu-
larly in the form of livestock-associated MRSA (LA-MRSA), underscores the complexity of
interactions between humans and animals [2]. One of the most crucial strains of LA-MRSA
is the molecular type ST398, initially found in pigs and later in several other animals and
humans, especially those in frequent contact with these animals [3]. MRSA ST398 has
increasingly spread worldwide, being prevalent in more than 20 countries, with swine
and humans as predominant sources. Indeed, the most prevalent LA-MRSA lineage in
North America and Europe belongs to clonal complex (CC) 398 [4]. Analysis of complete
genomes has revealed that CC398 isolates separate into discrete phylogenetic categories:
one representing an ancestral clade adapted to humans (susceptible to methicillin and
tetracycline) and another representing a descendant clade adapted to livestock (resistant to
methicillin and tetracycline) [5]. According to Price et al., LA-MRSA could have originated
from the human-adapted clade of methicillin-susceptible S. aureus (MSSA) CC398. The
transition from human to animal hosts likely involved the acquisition of methicillin and
tetracycline resistance, along with the loss of phage ΦSa3, which carries the immune eva-
sion cluster (IEC) genes [5]. It has been shown that potential drivers for LA-MRSA ST398
dissemination may include the trading of colonized swine, contaminated transport vehicles,
and colonized humans [6]. Pigs have been identified as crucial reservoirs of LA-MRSA
over the past two decades, posing a growing threat to global public health [7].

The rise in zoonotic diseases due to farmland expansion and climate change has
heightened the importance of studying MRSA in swine, especially considering the role of
pigs in transmitting important foodborne pathogens [8]. Globally, pork consumption is on
the rise, with pork projected to account for a significant increase in meat consumption by
2030 [9]. The increased demand for animal products, including meat, has led to intensive
animal production and processing, raising concerns about the transmission of zoonotic
diseases to humans through direct contact, indirect environmental exposure, and food
consumption [10]. Approximately 60% of human diseases originate from animals, and 75%
of new emerging infectious diseases in humans are transmitted from vertebrate animals [11].
Food-producing animals, including pigs, serve as major reservoirs for many foodborne
pathogens [12].

In the European Union, the pig sector is economically significant, with pork being the
most consumed meat. Portugal, for example, predominantly features large pig farms [13].
The world’s increasing meat production, particularly from pigs, underscores the need for
comprehensive studies on antimicrobial-resistant bacteria, especially MRSA, in swine [14].
Therefore, our objective was to investigate the prevalence of MRSA in healthy pigs from
various farms across central Portugal, where pig production is more intense. Additionally,
we sought to explore antimicrobial resistance, virulence, and clonal lineages through whole-
genome sequencing, along with assessing the biofilm formation capacity of MRSA isolates.

2. Materials and Methods
2.1. Sample Collection

A total of 213 samples were collected from healthy pigs from twelve farms across the
center of Portugal from January to October 2021 (Figure 1). Fourteen samples were collected
from each farm, with the exception of farm 12, from which only 13 samples were collected.
Samples were collected with a nasal and mouth swab (one sample per individual). Of the
12 farms, seven were exclusively breeding pig farms, two were exclusively fattening pig
farms, and three were both breeding and fattening farms. In addition, all breeding pig
farms included nurseries. Among the 213 pigs sampled, 100 were breeding sows, 60 were
fattening pigs, and 53 were piglets.
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Figure 1. Locations of sampled swine farms across Portugal.

2.2. MRSA Isolation

The swabs were placed into tubes containing 5 mL of Brain Heart Infusion (BHI) broth
(LiofilChem, Via Scozia, Livorno, Italy) supplemented with 6.5% NaCl and incubated at
37 ◦C for 24 h. Subsequently, the inoculum was applied to CHROMagar MRSA (CHROMa-
gar, Paris, France) plates to facilitate the isolation of MRSA. Up to three colonies displaying
S. aureus characteristics but exhibiting morphological variations were collected from each
plate. Identification of the S. aureus species was conducted through biochemical tests
(catalase, DNase, and coagulase) and Bruker Biotyper MALDI-TOF MS (Bruker Daltonics,
Bremen, Germany).

2.3. Antimicrobial Susceptibility Testing

Antibiotic susceptibility testing was conducted on all isolates, and their susceptibility
profiles were determined using the Kirby–Bauer disk diffusion method. Fourteen antimi-
crobial agents were employed for testing, including (concentration/disk) chloramphenicol
(30 µg), tetracycline (30 µg), clindamycin (2 µg), cefoxitin (30 µg), penicillin (1U), erythromycin
(15 µg), kanamycin (30 µg), mupirocin (200 µg), gentamicin (10 µg), tobramycin (10 µg),
linezolid (10 µg), ciprofloxacin (5 µg), trimethoprim–sulfamethoxazole (1.25/23.75 µg), and
fusidic acid (10 µg). The determination and interpretation of results adhered to the stan-
dards set by the European Committee on Antimicrobial Susceptibility Testing (EUCAST,
2018), with the exception of kanamycin, for which the Clinical and Laboratory Standards
Institute guidelines (CLSI, 2017) were followed. S. aureus strain ATCC 25,923 served as the
quality control in all assays.

2.4. Pulsed-Field Gel Electrophoresis (PFGE)

In order to select unrelated strains of MRSA, DNA from all isolates was extracted
following the protocol of Ruiz-Barba et al. To perform PFGE, SmaI-digested fragments were
separated using electrophoresis under the conditions of 5 to 15 s for 10 h and 15 to 60 s for
13 h. A dendrogram analysis of PFGE profiles was conducted using the UPGMA method
based on the Dice similarity index, with data analyzed using INFO QUEST software version
5.1 from BioLine.

2.5. Whole Genome Sequencing (WGS)

In accordance with the results obtained from the PFGE, 20 MRSA isolates were
selected to be further studied by WGS. A comprehensive whole genome analysis was
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conducted using the TORMES v1.3.0 bioinformatics pipeline. This involved the imple-
mentation of quality filtering for raw reads (Prinseq version 0.20.4), assembly (SPAdes
version 3.14), and subsequent quality assessment (QUAST version 5.1). Various func-
tionalities, including taxonomic identification (Kraken2, RDP Classifier, Barrnap) and
annotation (Prokka, Prodigal), were encompassed by the pipeline. Additionally, spe-
cific programs for typing (MLST, fimHTyper, and SerotypeFinder), identifying resistance
genes (Blastn, ABRicate, and PointFinder using ResFinder, CARD, ARG-ANNOT, and
PointFinderDB databases), and exploring virulence factors (Blastn, ABRicate, and VFDB)
were integrated. Lastly, the generation of the report and accompanying plots is facilitated
by the utilization of R packages, including ggplot2, ggtree, knitr, plotly, RColorBrewer,
reshape2, and rmarkdown. Phylotyping was undertaken using ClermonTyper, accessible
online at http://clermontyping.iame-research.center/ (accessed on 1 August 2023).

3. Results
3.1. Prevalence and Phenotypic Antimicrobial Resistance

A total of 213 animals were sampled, of which 167 were positive for MRSA, repre-
senting 78.4% of positive samples. To confirm the methicillin resistance, all isolates were
initially screened for the mecA gene, which was present in all strains. It is noteworthy that
out of the 53 sampled piglets, 21 (39.6%) were found to be carriers of MRSA. Similarly,
among the 60 sampled fattening pigs, 51 (85.0%) were positive for MRSA, while among
the 100 sampled breeding sows, a significant majority of 95 (95%) were identified as MRSA
carriers. MRSA strains were isolated from the following farms: 16 from farm 1, 15 from
farm 2, 12 from farm 3, 11 from farm 4, 18 from farm 5, 15 from farm 6, 12 from farm 7,
12 from farm 8, 14 from farm 9, 9 from farm 10, 18 from farm 11, and 15 from farm 12.
The antimicrobial susceptibility was evaluated in all isolates against 14 antibiotics, and
the results are shown in Figure 2. As expected, all isolates were resistant to penicillin,
cefoxitin, and tetracycline, as well as to clindamycin. Significantly high rates of resistance
were noted for gentamicin (97.2%), tobramycin (97.2%), trimethoprim–sulfamethoxazole
(83.3%), ciprofloxacin (77.7%), and erythromycin (69.4%) among the isolates tested. Out of
the 177 isolates, only five (2.8%) exhibited resistance to linezolid, while 15 (8.3%) isolates
showed resistance to fusidic acid. None of the isolates showed resistance to chlorampheni-
col or high-level mupirocin. Finally, all isolates were classified as multidrug-resistant as
they were resistant to at least three antimicrobial classes.
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3.2. Whole Genome Sequencing

After performing PFGE and analyzing their clonality by the band pattern, 20 isolates
were selected for WGS. The genome assembly was characterized by an average sequencing
depth of 716x, with the number of contigs ranging from 92 to 1606 and genome sizes
between 2,813,677 and 5,638,892 nucleotides. The average GC content across the samples
was 50.65%. The complete draft genome sequences of the 20 MRSA isolates analyzed in this
study have been deposited in the National Center for Biotechnology Information (NCBI)
GenBank database under BioProject number PRJNA1006036. The individual accession
numbers for these sequences range from SAMN37007390 to SAMN37007370.

A pangenome analysis of the 20 MRSA genomes identified 4 core genes, 7833 shell
genes, and 14,552 cloud genes. This analysis allows us to explore the genetic diversity
within the population. The core genome dendrogram visually depicts the genetic distances
between the isolates (Figure 3). Interestingly, the dendrogram reveals significant genetic
divergence between MRSA strains VS3290, VS3289, and VS3287, despite their isolation
from the same farm. This observation is evident from the substantial differences in the
branch lengths within the dendrogram.
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farm, and resistance genes.

3.3. Antimicrobial Resistance and Virulence Genes

Among the 20 isolates studied by WGS, all carried the blaZ, mecA, and dha1 genes,
which confer resistance to penicillin and cephalosporins. All isolates displayed resis-
tance to macrolides and lincosamides. The most prevalent resistance gene was vga(A)LC
(n = 10), followed by ermB and ermC (n = 6 each). Other detected resistance genes included
ermT (n = 4), vga(A)V (n = 1), and spd (n = 1). All isolates carried both the tetM and tet(38)
genes, conferring resistance to tetracycline. Additionally, 12 isolates harbored the tetL
gene, and 5 isolates had the tetK gene, further contributing to tetracycline resistance. All
analyzed isolates displayed aminoglycoside resistance, with aph(3′)-IIIa present in all but
one. Additionally, 10 isolates harbored ant(4′)-Ib, 10 isolates carried aadD, and one isolate
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contained the str gene. All 20 selected isolates harbored the norA gene, conferring resistance
to quinolones. Additionally, one isolate possessed the fexA gene, potentially contributing
to further resistance. Regarding resistance to trimethoprim–sulfamethoxazole, 18 out of
the 20 isolates were found to carry the dfrK gene, while two isolates additionally harbored
the dfrD gene. Finally, one isolate carried the fusD gene, which confers resistance to fusidic
acid. All isolates harbored genes encoding several multidrug efflux pumps, including arlR,
arlS, mepA, mepR, mgrA, and LmrS.

Analysis of virulence factors identified 49 associated genes. Notably, 18 out of the
20 isolates harbored all 49 genes. However, isolates VS3289 and VS3291 lacked the spa
gene, which encodes a protein precursor for immunoglobulin G (IgG)-binding protein A.
Among the identified virulence genes were those encoding for adenosine synthase A (adsA),
capsular polysaccharide synthesis enzymes (cap8A, cap8B, cap8C, cap8D, cap8E, cap8F, cap8G,
cap8L, cap8M, cap8N, cap8O and cap8P), clumping factor A fibrinogen-binding protein (clf A),
Staphylococcus coagulase precursor (coa), cell surface elastin binding protein (ebp), type VII
secretion system proteins (esaA, esaB, essA, essB and esxA), glycerol ester hydrolase (geh),
hemolysins (hlb, hld, hlgA, hlgB, hlgC and hly/hla), hyaluronate lyase precursor (hysA),
proteins involved in polysaccharide intercellular adhesin (PIA) synthesis (icaA, icaB, icaC,
icaD and icaR), iron-regulated surface determinant proteins (isdA, isdB, isdC, isdD, isdE,
isdF and isdG), triacylglycerol lipase precursor (lip), I Immunoglobulin G binding protein
(sbi and spa), fibrinogen-binding bone sialoprotein-binding protein (sdrE), NPQTN specific
sortase B (srtB), and staphylococcal surface proteins (sspA, sspB and sspC) (Figure 3).

3.4. Molecular Typing

The sequence type (ST) along with the clonal complex (CC) were identified in all
isolates. All strains belonged to ST398, which is grouped in CC398. spa-typing revealed
diversity within the isolates, with six distinct spa types identified: t011 (n = 10), t1451
(n = 4), t4208 (n = 2), t1456, t1184, and t108. Notably, strain VS3292 harbored a unique, yet
to be officially curated, spa type.

4. Discussion

This study’s findings highlight a significant prevalence of MRSA among different
groups of pigs, with a total of 83.1% of the samples testing positive for MRSA. Specifically,
the MRSA prevalence rates varied across different pig groups, with piglets showing a
39.6% carriage rate, fattening pigs at 85%, and breeding sows at a notably high rate of
95%. These findings are consistent with other research indicating that livestock, particu-
larly pigs, are a significant reservoir for MRSA, which can potentially spread to humans,
posing public health risks [3,15]. Furthermore, the high prevalence of MRSA in pigs at
different stages of production (piglets, fattening pigs, and breeding sows) suggests that
these animals may serve as a continuous source of MRSA contamination within the swine
industry. MRSA prevalence rates in pigs demonstrate significant variation across different
pig groups, indicating a complex epidemiological pattern that is influenced by various
factors such as age, management practices, and possibly genetic predisposition. Moreover,
piglets exhibited an MRSA carriage rate considerably lower compared to fattening pigs
and breeding sows, suggesting that the prevalence of MRSA increases as pigs grow older
or as they are exposed to environments with higher MRSA contamination. Nevertheless, in
a recent study conducted in Slovenia at two separate pig farms, the prevalence of MRSA in
piglets varied significantly, reaching 87.5% in one farm and 33.3% in the other [16]. The
high prevalence of MRSA in breeding sows could also be linked to the use of antibiotics
such as tetracycline or zinc in animal feed, which have been shown to increase the number
of ST398 bacterial cells present in the pigs’ nostrils but have no impact on the transmission
of MRSA [17]. The prevalence of MRSA in pigs in Europe varies significantly by country,
reflecting diverse agricultural practices, surveillance efforts, and antimicrobial usage poli-
cies across the continent [18]. The European Food Safety Authority (EFSA) reported that
prevalence rates of MRSA in fattening pigs varied from 12.5% in Slovakia (2022) to 53.6%
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in Switzerland (2021), with the highest recorded prevalence being 80% in Belgium (2022).
Additionally, in 2022, Belgium reported MRSA prevalence in 45.3% of breeding pig herds.
Conversely, MRSA was not detected in any pig herds in Norway in both 2021 and 2022 [19].
Although MRSA prevalence in Belgium was similar to that obtained in our study, it was
notably lower in other European countries. Indeed, Portugal appears to have a significantly
higher MRSA prevalence in pigs compared to the European average. In a study conducted
in Portugal in 2017 involving two farms, it was found that 99% of the sampled pigs were
colonized by MRSA [20]. This prevalence rate appears to have remained unchanged over
time. A recent study conducted in pig abattoirs in Portugal revealed that 98.8% of the
samples tested positive for MRSA, indicating an even higher frequency than observed in
our own study [21]. Therefore, given that MRSA-colonized pigs pose a threat to public
health, there is an urgent need for continued monitoring of MRSA in pigs, particularly in
countries with high prevalence rates.

In contrast, a study conducted in the Tohoku region of Japan, which included pigs
imported from Europe and North America, found that 32.8% of the pigs were positive
for MRSA, with ST398 MRSA isolates obtained [22]. This suggests that the prevalence of
MRSA in pigs can also be influenced by international trade and the movement of livestock.
In our study, all MRSA isolates were ST398 (CC398). In the EFSA 2023 report, CC398 was
the sole clonal complex identified in swine populations during both the years 2021 and
2022. Since its emergence in 2005, MRSA ST398 has been spreading throughout Europe,
often associated with distinct spa-types, such as t899, t108, t034, t2346, t011, t567, and t1197,
with spa-type t011 being the most commonly encountered [23,24]. In our study, spa-type
t011 was also the most frequent, followed by t1451 and t4208. These results are consistent
with those obtained in a recent study on pigs from Spain [25]. However, in the study by
Leão et al., conducted with pigs sampled in slaughterhouses in Portugal, spa-type t011 was
the most common, followed by t108 [21]. Another study from Portugal involving pigs in
slaughterhouses found that the only spa types detected among CC398 MRSA strains were
t011, t108, and t1451 [26]. In our study, only one isolate belonged to spa-type t108. The
other spa types found in the study seem to also be related to CC398 [27,28]. Since its initial
characterization as LA-MRSA CC398 in 2005 [29,30], this clonal complex has demonstrated
a notable capacity to endure within the European swine industry. Studies have indicated a
notable correlation between the presence of a specific single-nucleotide polymorphism on
chromosome 12 in pigs and the colonization of MRSA in the nasal passages, potentially
contributing to the resilience of MRSA in swine production [31]. The ST398 MRSA strain,
frequently linked with livestock, has been recognized as a prevalent lineage in pigs and has
demonstrated zoonotic transmission potential to humans, particularly individuals in direct
contact with these animals [29,30]. Livestock are widely recognized as the primary reservoir
of MRSA CC398. However, this lineage exhibits a dichotomy, comprising the classical
LA clade and the human clade [31]. It is hypothesized that ST398 initially originated as
a clone associated with humans before adapting to animals through the acquisition of
tetracycline resistance alongside the loss of integrase group 3 prophages containing the
immune evasion cluster (IEC) system genes [32,33]. Moreover, CC398 isolates display
antimicrobial resistance patterns similar to those among them, particularly resistance to
tetracycline, which is frequently observed and linked with livestock [34].

In accordance, all isolates in our study were resistant to tetracycline and carried tetM,
tetL, tetK, and/or tet38. The genes tetM and tet38 were present in all isolates. Resistance
to tetracycline can manifest through two primary mechanisms: active transportation fa-
cilitated by efflux pumps (encoded by tetK and tetL genes) and protection of ribosomes
conferred by tetM and tetO genes [35]. tet38 is highly conserved in S. aureus strains and
chromosomally encodes for an efflux pump [36]. The tet38 efflux pump is regulated by
mgrA, which is an indirect negative regulator of tet38 gene expression [37]. However, all
our isolates also carried the mgrA gene (Figure 3). In addition to tetracycline, in our study,
all strains were also resistant to penicillin and cefoxitin, and a high rate of resistance to
gentamicin, tobramycin, trimethoprim–sulfamethoxazole, ciprofloxacin, and erythromycin
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was also detected. This does not come as a great surprise since, according to the European
Medicines Agency (EMA) report on sales of veterinary antimicrobial agents, in Portu-
gal, the most frequently sold antimicrobials were tetracyclines, followed by penicillins,
macrolides, lincosamides, fluoroquinolones, and aminoglycosides [38]. Corroborating our
results, Abreu et al. reported a notable rise in MRSA resistance among pigs to gentamicin,
tobramycin, fosfomycin, clindamycin, trimethoprim–sulfamethoxazole, and tigecycline
from 2009 to 2018 [39]. The resistance pattern observed in MRSA isolates from pigs in your
study reflects widespread concerns regarding the proliferation and adaptation of antimicro-
bial resistance within LA-MRSA strains. The documented resistance to penicillin, cefoxitin,
tetracycline, and clindamycin aligns with the typical attributes of MRSA ST398, a strain
commonly linked to livestock and recognized for its extensive drug resistance. The elevated
resistance levels to gentamicin, tobramycin, trimethoprim–sulfamethoxazole, ciprofloxacin,
and erythromycin underscore the remarkable adaptability and resilience of these bacteria
in response to antimicrobial pressures. In our study, resistance to penicillins was encoded
by blaZ and mecA. Most isolates are resistant to macrolides and lincosamides carrying the
ermB, ermC, ermT, vga(A)LC and/or vga(A)V. The expression of ermB, ermC, and ermT is
inducible by erythromycin and confers macrolide–lincosamide–streptogramin B (MLSb)
resistance phenotype to the isolates [40,41]. Interestingly, four isolates carried the ermT
gene, which is very uncommon in MRSA CC398 strains [42]. Nevertheless, other studies
have reported the presence of this gene in MRSA from pigs [42–44]. The vga(A) is the most
prevalent among the various vga genes identified in staphylococci, and they encode an
ABC-F protein responsible for conferring resistance by shielding the ribosome against lin-
cosamides, streptogramin A, and pleuromutilin antibiotics [45]. In our study, two different
variants of vga(A) were identified, namely, vga(A)LC and vga(A)V. The substrate spectrum
includes streptogramin A, lincosamides, and pleuromutilins [46]. The vga(A)LC gene was
originally documented on plasmids identified in S. haemolyticus isolates from both feline
and human sources in China [47]. Conversely, the vga(A)V gene was found to be present
in several copies per S. aureus isolate, with certain copies located within the chromosomal
DNA and others detected on plasmids exceeding 40 kb in size [46]. Previous reports have
documented vga(A)LC in MRSA from Portuguese pigs, while both vga(A)V and vga(A)LC
have been found in MRSA from German pigs [21,48]. Other genes that code for biocide
efflux pumps, such as mepA, norA, and lmrS, were also detected in all of our MRSA isolates,
which may be attributed to the widespread use of biocides in animal husbandry [49]. On
the other hand, the finding that only a minority of isolates displayed resistance to linezolid
and mupirocin indicates that, despite widespread multidrug resistance, certain treatment
alternatives may retain efficacy against these strains, suggesting promising avenues for
treatment options or decolonization strategies [50].

LA-MRSA strains, including those within CC398, typically lack virulence genes asso-
ciated with severe human infections, such as the IEC genes, genes encoding toxic shock
syndrome toxin, and Panton–Valentine leucocidin (PVL) [51]. Accordingly, in our study,
the tst gene was not detected, as were PVL and IEC-encoding genes in MRSA isolates.
It has been shown that CC398 strains are often linked to elevated levels of antimicrobial
resistance genes, which contrasts with the relatively low detection of virulence genes [26,52].
However, our isolates carried a high number of virulence genes. All 12 genes coding for
the capsular polysaccharide synthesis enzymes were detected in all isolates (cap8A-P).
The capsular polysaccharide is responsible for forming a dense layer on the outermost
surface of the cell envelope in many S. aureus strains. These strains typically possess
either a cap5A-P or a cap8A-P gene cluster, which codes for enzymes associated with the
production of two common capsular serotypes, CP5 and CP8, respectively [53,54]. Evi-
dence suggests that the advantageous role of capsule presence or absence in vivo varies
depending on the infection context for S. aureus pathogenicity [55,56]. Other genes, such as
clf A, sdrE, and ebps, were detected in all isolates. These genes are known to encode for the
“microbial surface components recognizing adhesive matrix molecules” (MSCRAMMs).
Many MSCRAMMs are pivotal not only in facilitating attachment and biofilm formation



Genes 2024, 15, 532 9 of 13

but also in invading host cells and tissues, evading immune responses, and bolstering
virulence [57,58]. By binding to various host extracellular matrix proteins like fibronectin,
fibrinogen, laminin, and elastin, along with indwelling medical devices and plasma-coated
biological surfaces, these proteins aid in the initial attachment to native tissues [59]. In
staphylococcal biofilms, numerous polysaccharides have been identified. However, the
foremost factor governing the attachment and proliferation stages is the polysaccharide
intercellular adhesion (PIA). PIA production relies on four genes, namely icaADBC, which
constitute the ica operon [60]. In our study, all isolates harbored the four ica genes (icaA,
icaB, icaC, and icaD). Concerning the proteins of the type VII secretion system (T7), the S.
aureus type VII protein secretion system (T7SS) is encoded within the ess locus. All isolates
examined contained the corresponding coding genes, recognized as highly conserved core
components of the T7 secretion apparatus [61]. In S. aureus, the isd genes are activated in
response to iron scarcity, with their promoters regulated by the ferric uptake regulator. This
system consists of nine proteins (IsdA-IsdI) primarily tasked with hemoglobin binding and
heme extraction, ultimately transporting heme into the cytoplasm to serve as a source of
iron [62]. Seven of the nine genes encoding for iron-regulated surface determinant proteins
were detected in all isolates. The absence of available iron triggers the upregulation of sev-
eral genes, including those encoding surface determinant (Isd) proteins. The main function
of Isd proteins is to capture heme from hemoglobin (Hb) and facilitate its transportation
into the cell [62,63]. Finally, as expected, the genes coding for hemolysins were identified
in all MRSA isolates, which are very conserved genes that contribute to an invasive skin
infection [64].

5. Conclusions

This study sheds light on the prevalence, antimicrobial resistance patterns, and molec-
ular characteristics of MRSA among healthy swine populations in central Portugal. Our
findings reveal a concerning prevalence of MRSA, particularly among fattening pigs and
breeding sows, highlighting the potential role of pigs as reservoirs for MRSA transmis-
sion to humans. The predominance of the ST398 clonal complex, with diverse spa types
identified, underscores the genetic diversity and epidemiological dynamics of MRSA in
pig populations. Antimicrobial susceptibility testing revealed high levels of resistance
to multiple antimicrobial agents, emphasizing the urgent need for prudent antimicrobial
use practices in animal husbandry. Whole genome sequencing (WGS) analysis provided
insights into the genetic determinants of antimicrobial resistance, with the detection of a
diverse array of resistance genes. Additionally, the presence of virulence genes underscores
the potential pathogenicity of MRSA strains and their ability to cause disease in both
animals and humans.

Overall, continued surveillance and control measures are essential to monitor and
mitigate the spread of MRSA in swine populations. Enhanced biosecurity measures,
prudent antimicrobial use practices, and targeted intervention strategies are necessary to
reduce the prevalence of MRSA in pigs and minimize the risk of zoonotic transmission
to humans. Further research is warranted to elucidate the transmission dynamics and
virulence potential of MRSA in swine populations, with the goal of safeguarding public
health and ensuring food safety.
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