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ARTICLE INFO ABSTRACT
Keywords: Staphylococcus aureus is a major food safety and One Health concern in raw milk dairy chains. This study
Staphylococcus aureus investigated its occurrence, contamination levels, antimicrobial resistance (AMR), enterotoxigenic potential,

Raw milk cheese
Small ruminants
Antimicrobial resistance

surface-adhesion phenotype, and genomic relatedness across 15 small-scale ovine-caprine dairy farms in the
Umbria and Marche regions of Central Italy. Overall, 425 food, environmental, and operator hand swab samples
Staphyl 1 : were analysed. S. aureus was detected in 208/425 samples (48.9%), with the highest occurrence in food matrices
aphylococcal enterotoxins

Surface adhesion (62.1%) and marked farm-level heterogeneity. One finished cheese product tested positive for staphylococcal
Whole-genome sequencing enterotoxins (SEs). A total of 1662 colonies from 208 positive samples were confirmed as S. aureus, and a
representative subset, including the MRSA isolates, underwent phenotypic characterization and whole-genome
sequencing (WGS). No isolate carried the mupirocin resistance gene mupA. WGS revealed diverse sequence
types, mainly ST133, ST700, and ST522. Phenotypic resistance was observed mainly to sulfisoxazole, tetracy-
cline, and penicillin, whereas the most frequent AMR genes were blaZ, tet(M), and tet(K). Classical SE genes were
detected in a subset of sequenced isolates, and all sequenced isolates carried at least one SE or SE-like gene. All
tested isolates adhered to polystyrene, mostly moderately or strongly, and all sequenced isolates carried the
biofilm-associated icaA, icaB, icaC, icaD, and icaR genes. Phylogenetic analyses indicated farm-specific clustering
and persistence or recurrence of genetically related isolates across matrices and seasons. These findings support
farm-specific hygiene interventions and integrated phenotypic-genomic surveillance to control AMR and
potentially toxigenic S. aureus in artisanal small-ruminant raw milk dairy production.

1. Introduction 2023).
A key determinant of the epidemiological success of S. aureus is its
Staphylococcus aureus is a ubiquitous commensal bacterium that remarkable capacity to develop antimicrobial resistance (AMR) against
colonizes the skin and mucosal surfaces of both humans and animals. multiple classes of antibiotics (Beshiru et al., 2024). This capability is
However, it also represents a highly adaptable opportunistic pathogen driven by both the selective pressure exerted by the widespread use of
capable of causing a broad spectrum of diseases, ranging from localized antimicrobials in human and veterinary medicine and the ability of
infections to severe, life-threatening systemic conditions (Pal et al., S. aureus to acquire and disseminate mobile genetic elements carrying
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AMR determinants (Kalayu et al., 2020). Methicillin-resistant S. aureus
(MRSA) is of particular concern because it is resistant to most beta-
lactam antibiotics, which are among the main therapeutic options for
staphylococcal infections. In the 2024 World Health Organization
(WHO) bacterial priority pathogens list, MRSA is classified as a high-
priority pathogen because of its substantial public-health burden and
the therapeutic challenges associated with resistant infections (World
Health Organization, 2024a). MRSA has been increasingly reported in
both human and animal populations, with evidence of bidirectional
transmission between them (Kalayu et al., 2020; Magro et al., 2018).

The dairy production sector represents a critical animal-
—environment-human interface for the circulation of S. aureus. At the
farm level, the pathogen may disseminate among animals, workers,
milk, equipment, and the farm environment, favoured by mastitis in
dairy animals, asymptomatic human carriage, and potential shortcom-
ings in good hygienic and manufacturing practices. These reservoirs can
facilitate the spread of S. aureus from the farm environment to pro-
cessing facilities and final products (Giacinti et al., 2011). Genetically
related MRSA isolates have been recovered from animal, human, and
environmental sources on dairy farms in Italy and other countries,
supporting the potential for both animal-to-human and human-to-
animal exchange, although the direction of transmission cannot al-
ways be established from cross-sectional data (Carfora et al., 2016;
FeBler et al., 2012; Lienen et al., 2021; Lim et al., 2013; Macori et al.,
2017). Such cross-host dissemination may increase occupational expo-
sure, maintain resistant lineages within farms, and introduce clinically
relevant S. aureus strains into raw-milk dairy chains.

In addition to its clinical relevance, S. aureus poses a significant food
safety hazard because of its ability to produce heat-stable staphylococcal
enterotoxins (SEs) in food matrices, which are responsible for food
poisoning outbreaks worldwide (Cieza et al., 2024). In small artisanal
dairies, these risks may be amplified by close animal-operator contact,
manual milking or product handling, raw-milk processing without a
pasteurization step, and heterogeneous or incompletely standardized
cleaning and disinfection procedures.

Moreover, the ability of S. aureus to attach to surfaces and subse-
quently develop biofilms under suitable conditions may favour recurrent
contamination and reduce the effectiveness of sanitation procedures
(Dawan et al., 2025). These challenges are particularly relevant in the
ovine—caprine dairy sector of Central Italy (Umbria and Marche re-
gions), which is largely characterized by small- to medium-scale farms
adopting traditional, often non-standardized production practices,
frequently involving raw milk cheesemaking (Mezher et al., 2023).

Italian surveys have reported enterotoxigenic S. aureus in raw sheep
milk and documented the occurrence of S. aureus and occasional MRSA
isolates in bulk-tank milk from dairy sheep and goat farms (Cortimiglia
et al., 2015; Giacinti et al., 2011). Molecular studies have also charac-
terized MRSA and methicillin-susceptible S. aureus from ovine dairy
chains and farm-associated humans and have demonstrated substantial
genetic diversity and frequent SE gene carriage among isolates from goat
milk (Macori et al., 2017; Romano et al., 2020). These findings confirm
the regional relevance of S. aureus but have primarily addressed bulk-
tank milk, selected farms, specific dairy-chain compartments, or
particular isolate characteristics.

Integrated evidence remains limited from multi-farm studies that
repeatedly examine raw materials, intermediate and finished products,
processing surfaces, and operators while linking quantitative contami-
nation data with phenotypic AMR, enterotoxigenic potential, surface
adhesion, and whole-genome relatedness. Consequently, the relation-
ships among farm-level contamination patterns, recurrence across
production-chain compartments, and the phenotypic and genomic
characteristics of the recovered isolates remain incompletely defined.

Within this context, the present study aimed to assess the occurrence,
contamination levels, AMR, enterotoxigenic potential, surface-adhesion
phenotype, and genomic relatedness of S. aureus along the ovine-ca-
prine raw milk dairy supply chain in the Marche and Umbria regions of
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Central Italy. Food matrices, environmental surfaces, and operator hand
swabs were analysed to determine sample-level contamination, while
recovered isolates were molecularly confirmed and screened for mecA
and mupA to identify MRSA and mupirocin resistance determinants. A
representative subset of isolates was further characterized by pheno-
typic antimicrobial susceptibility testing, assessment of surface-
associated adherent biomass using the crystal-violet microtiter plate
assay, and whole-genome sequencing (WGS). WGS-based analyses
included sequence typing, detection of AMR genes and their putative
localization, characterization of SE and SE-like gene profiles, screening
of genes associated with adhesion and biofilm development, and
assessment of phylogenetic relatedness. By integrating chain-level
microbiological data with isolate-level phenotypic and genomic char-
acterization within a multi-farm framework, the study sought to identify
critical contamination points, farm-associated circulation or recurrence
patterns, and AMR or toxigenic traits relevant to One Health-oriented
control strategies. The specific contribution of the study therefore lies
in the epidemiological information obtained by linking these datasets,
rather than in the individual analytical methods themselves.

2. Materials and methods
2.1. Sampling procedure

A stratified sampling approach was applied to select small-scale
dairy farms with on-site processing of raw ovine and caprine milk
located in the Marche and Umbria regions (Central Italy). Based on a
preliminary mapping of eligible farms, a statistically driven sampling
plan was developed to define the number of farms to be included, the
types and number of samples to be collected, and the sampling fre-
quency. The initial sampling plan aimed to include 32 farms from an
eligible population of 60 farms. However, because of limited farm
participation and operational constraints, the final study population
included 15 farms overall, of which 11 were located in the Marche re-
gion and 4 in the Umbria region. The distribution and approximate
geographical location of the sampled farms are shown in Fig. 1. Addi-
tional farm-level information, including herd size and animal type, is
provided in Supplementary Table 1.

Each farm was visited twice, once during the cold season (Septem-
ber-February) and once during the warm season (March-August),
whenever animals in lactation were available. Operators were notified
in advance to ensure that sampling aligned with production days. Within
each farm, sampling targeted matrices considered at higher risk of
contamination by MRSA, based on field inspections and prior sector-
specific expertise. Overall, 425 samples were collected and analysed,
of which 101 originated from four farms located in Umbria and 324 from
eleven farms located in the Marche region. Samples were categorized
into three main groups: i) food, ii) environmental, and iii) human
samples, and further subdivided according to matrix type or sampled
surface. Food samples (n = 103) included bulk tank milk (n = 29), in-
termediate products (n = 40) consisting of curd (n = 28) and cheeses
during ripening (n = 12), and finished products (n = 34), defined as
ready-to-eat cheeses with a ripening time of less than 30 days. Envi-
ronmental samples (n = 292) comprised both food-contact and non-
food-contact surfaces. Food-contact surfaces (n = 176) included milk-
ing liners (n = 37), multipurpose equipment and containers used for
milk and curd (n = 27), molds (n = 33), processing tables and work
surfaces (n = 43), and ripening and drying surfaces, as well as cold
rooms and refrigerators (n = 36). Non-food-contact surfaces (n = 116)
included multipurpose equipment control panels (n = 14), aprons (n =
16), handles (n = 31), and sinks (n = 55). Human samples (n = 30)
consisted of swabs collected from the hands of dairy operators.

Bulk milk samples were collected as single sampling units directly
from storage tanks in accordance with Regulation (EC) No. 853/2004
(European Parliament and Council of the European Union, 2004). In-
termediate products were sampled as single units at stages of the
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Fig. 1. Geographical distribution of the sampled farms in the Marche and Umbria regions of Central Italy. The enlarged map shows the approximate location of each
farm, identified by its numerical code, within the respective provinces. Province abbreviations: PU, Pesaro and Urbino; AN, Ancona; MC, Macerata; FM, Fermo; AP,

Ascoli Piceno; PG, Perugia; TR, Terni.

production process expected to favour staphylococcal growth (2-5
days). Finished products were sampled in five units per batch following
Regulation (EC) No. 2073/2005. Environmental and human samples
were collected from surfaces and sites with a higher likelihood of
contamination. Swab samples (single or pooled) were taken from
milking equipment and operators' hands using swabs premoistened with
a neutralizing solution (monopotassium phosphate, 0.0425 g/L; sodium
thiosulfate, 0.16 g/L; and aryl sulfonate complex, 5 g/L) to neutralize
any chemical residues from cleaning and disinfection procedures. Other
surfaces were sampled using sponges pre-moistened with 10 mL buff-
ered peptone water (BPW).

The overall sampling strategy was designed assuming an expected
MRSA prevalence of 20%, with a 90% confidence level and 15% preci-
sion. Written informed consent was obtained from operators before
hand-swab sampling, and farm owners were requested to temporarily
withhold sampled product batches from sale until microbiological ana-
lyses were completed.

2.2. Enumeration, isolation and identification of Staphylococcus aureus

All collected samples were subjected to enumeration of coagulase-
positive staphylococci, including S. aureus, using an in-house method
(PRT.PGMICALI.009; Istituto Zooprofilattico Sperimentale dell'Umbria
e delle Marche “Togo Rosati”, Perugia, Italy), accredited according to
ISO/IEC 17025:2018 (International Organization for Standardization,
2017a). Raw materials, intermediate products, and finished products
were diluted 1:10 in BPW (10 g sample + 90 mL BPW) and homogenized
using a Stomacher apparatus (400 Circulator, International PBI, Milan,
Italy). Pre-moistened sponges used for surface sampling were supple-
mented with 90 mL BPW to obtain a 1:10 dilution and homogenized
using a Stomacher apparatus. Swab samples were collected in 10 mL of
neutralizing solution, and the eluate used for subsequent analysis was
obtained after vortex mixing for at least 30 s. All samples were subse-
quently subjected to serial tenfold dilutions in maximum recovery
diluent (sodium chloride 8.50 g/L, peptone 1 g/L, w/v).

Enumeration was performed by pour plating 1 mL of the initial

suspension or appropriate decimal dilutions onto Baird-Parker agar
(BPA) supplemented with rabbit plasma fibrinogen (BP-RPF). Plates
were incubated at 37 °C for 48 h, after which typical black or grey
colonies surrounded by a clear precipitation halo were counted. From
plates showing growth, up to five typical colonies were isolated on BP-
RPF and subsequently subcultured onto tryptic soy agar (TSA). After
incubation at 37 °C for 24 h, a loopful from each culture was inoculated
into methyl red/Voges—Proskauer broth (MR/VP) and incubated at
37 °C for 24 h. The Voges—Proskauer (VP) test was performed to assess
acetoin production. Briefly, 1 mL of each MR/VP culture was mixed with
0.6 mL of 5% (w/v) a-naphthol solution in ethanol and 0.2 mL of 40%
(w/v) potassium hydroxide solution in water. Tubes were shaken to
ensure oxygenation and left at room temperature. Cultures developing a
red colour within 15 min were considered VP-positive (Barritt, 1936;
MacFaddin, 2000). In case of negative results, MR/VP broths were
further incubated at 37 °C for 24 h and the test repeated. Quality control
was performed in each analytical session using a VP-positive reference
strain (Listeria innocua ATCC 33090, American Type Culture Collection,
Manassas, VA, USA) and a VP-negative strain (Escherichia coli ATCC
25922). All VP-positive isolates were subsequently subjected to molec-
ular identification for confirmation of S. aureus. Based on the proportion
of confirmed S. aureus colonies, the final enumeration for each sample
was calculated according to UNI EN ISO 7218:2024 (International
Organization for Standardization, 2024).

2.3. Detection of staphylococcal enterotoxins

Finished products were tested for SEs A, B, C, D, and E. For each
batch, five units were analysed as a pooled sample by combining 25 g
from each unit, resulting in a total analytical portion of 125 g. Extraction
and concentration were performed according to UNI EN ISO
19020:2017 (International Organization for Standardization, 2017b),
and the resulting extracts were analysed using an enzyme-linked fluo-
rescent assay (ELFA) on the VIDAS automated immunoassay system
(Vitek Immuno Diagnostic Assay System; bioMérieux, Marcy-1Etoile,
France) with the VIDAS Staph Enterotoxin II (SET2) kit, following the
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manufacturer's instructions.

2.4. DNA extraction and multiplex PCR for detection of Staphylococcus
aureus, MRSA and mupirocin resistance genes

To identify S. aureus at molecular level and screen for methicillin
resistance (MRSA) and mupirocin resistance, VP-positive isolates were
further analysed by endpoint multiplex PCR targeting the 16S rRNA
(Staphylococcus genus-specific), nuc (S. aureus species-specific), mecA
(methicillin resistance), and mupA (mupirocin resistance) genes.

For this purpose, isolates previously grown on TSA were subcultured
onto 5% sheep blood agar (SBA) and incubated at 37 °C for 24 h before
DNA extraction. DNA was extracted by suspending each colony in 100
pL of 6% Chelex® 100 solution (Bio-Rad Laboratories, Hercules, CA,
USA), followed by incubation at 56 °C for 1 h and 95 °C for 45 min, and
centrifugation at 20,000 xg for 10 min (Mikro 20, Hettich, Tuttlingen,
Germany). The supernatant was retained and used as template DNA for
multiplex PCR. S. aureus ATCC BAA-1708 strain was included as positive
control, and appropriate extraction and amplification negative controls
were included in each analytical session. Amplification was performed
using the primers previously reported by Zhang et al. (2004). Each re-
action was carried out in a final volume of 25 pL containing 12.5 pL of
2x Multiplex PCR Master Mix (Qiagen, Hilden, Germany), primers at
optimized final concentrations (0.1 pM for Nucl and Nuc2; 0.2 pM for
MecA1, MecA2, MupA and MupB; and 0.12 pM for Staph756 16S F and
Staph750 16S R), 4.8 pL of molecular biology-grade water, and 5 pL of
DNA template. Thermal cycling conditions were as follows: initial
denaturation at 95 °C for 15 min; 10 cycles of 94 °C for 40 s, 68 °C for 40
s and 72 °C for 1 min; 25 cycles of 94 °C for 1 min, 58 °C for 1 min and
72 °C for 2 min; and a final extension at 72 °C for 10 min. PCR products
were resolved by electrophoresis on a 2.5% agarose gel in 1x Tris-
borate-EDTA buffer and visualized under UV light. Amplicon sizes
were determined by comparison with a molecular-weight marker
(Applied Biological Materials Inc., Richmond, Canada).

2.5. Phenotypic antimicrobial susceptibility assessment

Two S. aureus isolates were selected, when available, from each
sampling session for phenotypic antimicrobial susceptibility testing; one
from a food matrix and one from an environmental surface. Selection
was prioritised according to MRSA detection and/or the highest
S. aureus enumeration values in the corresponding matrices.

Disc diffusion testing was performed on 90-mm Mueller-Hinton
(MH) agar plates (pH 7.3) using fresh cultures (<24 h). Bacterial sus-
pensions were adjusted to 0.5 McFarland in sterile saline solution (NaCl,
8.5 g/L, w/v) and inoculated onto the agar surface using sterile swabs.
The antimicrobial discs tested were norfloxacin (NOR; 10 pg), linezolid
(LNZ; 30 pg), gentamicin (CN; 10 pg), erythromycin (E; 15 pg), tetra-
cycline (TE; 30 pg), rifampicin (RD; 5 pg), clindamycin (DA; 2 pg),
cefoxitin (FOX; 30 pg), sulfamethoxazole/trimethoprim (SXT; 23.75/
1.25 pg), levofloxacin (LEV; 5 pg), and ceftaroline (CPT; 30 pg). A
maximum of four discs was applied to each plate. Plates were incubated
at 35 °C for 18 h, and inhibition zones were measured with a digital
calliper, rounded to the nearest millimetre, and interpreted according to
Clinical and Laboratory Standards Institute guidelines ((Clinical and
Laboratory Standards Institute, 2025) ). S. aureus ATCC 25923 was
included as the quality-control strain in each analytical session. In iso-
lates classified as erythromycin-resistant and clindamycin-susceptible,
inducible clindamycin resistance was assessed by the D-test, placing
erythromycin and clindamycin discs 16 + 4 mm apart (Steward et al.,
2005).

Minimum inhibitory concentrations (MICs) were determined by the
broth microdilution method using 96-well microtitre panels (Sensi-
titre™, Thermo Fisher Scientific, Waltham, MA, USA), according to the
manufacturer's instructions. E. coli ATCC 25922 and Enterococcus faecalis
ATCC 29212 were used as quality-control strains. The antimicrobials
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and concentration ranges tested by broth microdilution were amoxi-
cillin/clavulanic acid (AUG; 0.25/0.12-16/8 pg/mL), cefazolin (KZ;
0.25-8 pg/mlL), erythromycin (E; 0.03-8 pg/mlL), tetracycline (TE;
0.25-16 pg/mL), sulfamethoxazole/trimethoprim (SXT; 0.12/2.38-8/
152 pg/mL), rifampicin (RD; 0.06-2 pg/mL), ampicillin (AMP; 0.03-16
pg/mL), penicillin (PEN; 0.03-16 pg/mL), ceftiofur (XNL; 0.25-8 pg/
mL), clindamycin (DA; 0.5-2 pg/mL), oxacillin plus 2% NaCl (OXA+;
0.25-4 pg/mL), florfenicol (FFC; 2-8 pg/mL), kanamycin (KAN; 8-32
pg/mL), and sulfisoxazole (FIS; 128-512 pg/mL). For each isolate, a
bacterial suspension of approximately 1.5 x 10% CFU/mL (0.5 McFar-
land) was prepared in sterile saline solution and diluted to 5 x 10° CFU/
mL in cation-adjusted MH broth. Each well was inoculated with 100 pL
of the final suspension, and plates were incubated at 37 °C + 1 °C for 18
h. The MIC was recorded as the lowest antimicrobial concentration
showing no visible growth.

For cefoxitin (FOX), ceftaroline (CPT), levofloxacin (LEV), nor-
floxacin (NOR), linezolid (LNZ), and gentamicin (CN), MICs were
determined using MIC Test Strips (Liofilchem srl, Roseto degli Abruzzi,
Italy), following the manufacturer's instructions and using S. aureus
ATCC 25923 as quality control. MIC values were interpreted according
to CLSI M100 clinical breakpoints (35th edition, 2025), where available.
Specifically, SXT was interpreted using CLSI MIC breakpoints, whereas
FIS was interpreted using EUCAST ECOFF/TECOFF criteria. For anti-
microbials lacking applicable CLSI clinical breakpoints or requiring
epidemiological interpretation, MICs were interpreted according to
European Committee on Antimicrobial Susceptibility Testing (EUCAST)
(European Committee on Antimicrobial Susceptibility Testing, 2025)
epidemiological cut-off values (ECOFFs) or tentative epidemiological
cut-off values (TECOFFs). Based on these cut-offs, isolates were classi-
fied as wild-type or non-wild-type, indicating the likely absence or
possible presence of acquired resistance mechanisms, respectively.

2.6. Invitro evaluation of surface adhesion

Based on phenotypic AMR profiles detected by disc diffusion and
MIC testing and considering the isolate obtained from the sample posi-
tive for SEs, 39 isolates were selected for assessment of surface-
associated adherent biomass. The assay was performed using a crystal
violet microtitre-plate method adapted from Stepanovic et al. (2000,
2007). Briefly, one colony from a TSA culture incubated for 24 h at 37 °C
was inoculated into 5 mL tryptic soy broth (TSB) and incubated for 24 h
at 37 °C. After incubation, the optical density at 600 nm (OD600) was
measured using an Eppendorf BioPhotometer D30 (Eppendorf,
Hamburg, Germany). Cultures were adjusted to approximately 10°
cells/mL in TSB supplemented with 1% glucose (TSB + G), and 200 pL
aliquots were inoculated into flat-bottom 96-well polystyrene micro-
plates (CytoOne, Starlab International GmbH, Germany). For each
isolate, six wells were inoculated per plate and each assay was per-
formed in triplicate. Negative-control wells contained 200 pL of sterile
TSB + G only.

After 24 h of incubation at 37 °C, wells were emptied by inversion
and washed three times with 200 pL sterile phosphate-buffered saline
(PBS, pH 7.4) to remove non-adherent cells. Adherent cells were fixed
with 150 pL of 99% methanol for 20 min at room temperature. Plates
were then emptied, dried, stained with 200 pL of 2% (v/v) crystal violet
for 15 min at room temperature, washed three times with PBS to remove
excess stain and dried under a chemical hood. The bound dye was
solubilised with 150 pL of 33% (v/v) acetic acid for 30 min, and
absorbance was measured at 540 nm (OD540) using a Tecan Sunrise
microplate reader (Tecan Group Ltd., Mannedorf, Switzerland) with
Magellan software version 7.2.

Surface adhesion was classified according to the optical density cut-
off (ODc), calculated as the mean OD of negative control wells plus three
times their standard deviation across the three replicates. Isolates were
classified as non-adherent (OD < ODc), weakly adherent (ODc < OD < 2
x ODc), moderately adherent (2 x ODc < OD < 4 x ODc) or strongly
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adherent (OD > 4 x ODc).
2.7. Whole-genome sequencing

Selected isolates were subjected to WGS. Total bacterial genomic
DNA was extracted from cultures grown on SBA for 18-24 h at 37 °C
using the Extractme Genomic DNA isolation kit (Blirt S.A., Gdansk,
Poland), according to the manufacturer's instructions. DNA concentra-
tion was measured using the Qubit 2.0 fluorometer and the Qubit dsDNA
HS Assay Kit (Thermo Fisher Scientific). Approximately 100 ng of DNA
in a final volume of 30 pL was used for library preparation with the
Mlumina DNA Library Prep Kit (Illumina, San Diego, CA, USA), con-
sisting mainly of tagmentation, amplification and library purification
steps. Library fragment distribution was checked by analysing 1 pL of
each library with an Agilent 2100 Bioanalyzer using the High Sensitivity
DNA chip (Agilent Technologies, Santa Clara, CA, USA), verifying the
expected fragment-size profile of approximately 250-1000 bp. Libraries
were further quantified using the Qubit dsDNA HS Assay Kit. Based on
mean fragment size and fluorometric concentration, libraries were
diluted in resuspension buffer to 4 nM. A 2% (v/v) PhiX internal
sequencing control was added before paired-end sequencing on an
Illumina MiSeq platform using the MiSeq Reagent Kit v3 (600-cycle),
setting 151 cycles for each read.

Raw sequencing data were analysed mainly through the web-based
Galaxy platforms (https://usegalaxy.org and https://galaxy.sciensano.
be). Read quality was assessed using FastQC, and adapters and low-
quality bases were removed using Trimmomatic (Bolger et al., 2014).
Nextera and other Illumina-specific adapter sequences were removed
using the paired-end Nextera adapter file ILLUMINACLIP), low-quality
bases were trimmed from the beginning and end of reads (LEADING:10;
TRAILING:10), and reads were trimmed when the average Phred quality
score fell below 20 within a four-base sliding window (SLI-
DINGWINDOW:4:20). Reads shorter than 40 bp after trimming were
discarded (MINLEN:40). Trimmed reads were assembled de novo using
Unicycler (Wick et al., 2017) with the bridging mode set to “normal”,
and contigs shorter than 200 bp were excluded from the final FASTA
files. Assembly quality was assessed using QUAST (Mikheenko et al.,
2018), and only genome assemblies with a mean sequencing depth of
at least 30x were retained for downstream genomic analyses.

Specific genes were searched in assembled genomes using NCBI
BLAST+ blastn (Cock et al., 2015). Isolates were further characterized
using the Staphylococcus pipeline v.1.2 available on the Galaxy platform
(Timmermans et al., 2022), including detection of AMR determinants,
SE genes, selected genes associated with adhesion and biofilm devel-
opment, and multilocus sequence typing (MLST). The localization of
AMR genes on plasmid or chromosomal contigs was assessed using
PlasmidFinder, provided by the Center for Genomic Epidemiology,
Technical University of Denmark (Carattoli et al., 2014), and MOB-
recon, a module of MOB-suite developed for plasmid clustering, recon-
struction, and typing from draft genome assemblies (Robertson & Nash,
2018). PlasmidFinder was used for in silico detection of plasmid repli-
cons in assembled genomes, whereas MOB-recon was used to recon-
struct plasmid sequences and infer plasmid mobility. These analyses
supported the classification of resistance genes as chromosomal,
plasmid-associated, or located on putatively mobilizable plasmids.

2.8. Phylogenetic analysis

Pairwise single-nucleotide polymorphism (SNP) distances were
calculated from the high-quality SNP alignment generated by CSI Phy-
logeny 1.4 (Call SNPs and Infer Phylogeny), available through the
Center for Genomic Epidemiology (CGE), Technical University of
Denmark (DTU) (https://www.genomicepidemiology.org/) (Kaas et al.,
2014). Because no validated SNP threshold is available for distinguish-
ing environmental persistence from recurrent introduction of S. aureus
in small-ruminant dairy farms, SNP distances were interpreted as
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measures of genomic relatedness rather than as definitive evidence of
either epidemiological mechanism. The thresholds of 15 core-genome
SNPs and 25 whole-genome SNPs proposed by Coll et al. (2020) for
recent MRSA transmission were used only as literature-based bench-
marks. Isolates below these benchmarks were considered compatible
with recent common ancestry, but epidemiological linkage was required
for interpretation.

2.9. Statistical analyses

Differences in S. aureus positivity among sample groups, sample
types, farms, and seasons were assessed using Pearson's x> test. When
appropriate, exploratory post-hoc comparisons were performed using
adjusted pairwise comparisons or two-sided Fisher's exact tests, with
Holm correction applied within each predefined family of comparisons.
Farm-specific seasonal differences were assessed by comparing positive
and negative samples between the warm and cold seasons using two-
sided Fisher's exact tests, with Holm correction across farms. Viable
counts were analysed only for S. aureus-positive samples. Counts were
log10-transformed before analysis and compared among sample cate-
gories using one-way ANOVA followed by Tukey's HSD post-hoc test. For
selected isolates, exploratory multivariate association analyses were
performed separately for phenotypic AMR profiles, AMR gene profiles,
and SE/SE-like gene profiles. Each isolate-level data block was analysed
as a binary matrix, with resistance/non-wild-type phenotypes or
detected genes coded as present and susceptible/wild-type phenotypes
or undetected genes coded as absent. Associations between each data
block and grouping variables, including farm, source type, sampling
season, sequence type, and MRSA status, were assessed using
permutation-based multivariate testing. Global 2 tests and one-way
ANOVA were not adjusted for multiple comparisons. Holm correction
was applied only to categorical follow-up comparisons and separately
within each isolate-level multivariate data block, whereas Tukey's HSD
was used for pairwise comparisons of viable counts. Only results
remaining significant after correction were reported. Statistical signifi-
cance was set at p < 0.05. Analyses were performed in Python 3.11 using
SciPy, statsmodels, scikit-learn, NumPy, and pandas.

3. Results
3.1. Occurrence and contamination levels of S. aureus

Among the 425 samples collected from 15 ovine-caprine dairy farms
with on-site processing facilities, including four farms in Umbria region
and eleven farms in Marche region, S. aureus was detected in 208 sam-
ples (48.9%), comprising isolates recovered from food, environmental,
and operators' hand swab samples.

As reported in Table 1, food samples showed the highest occurrence
of S. aureus (62.1%), followed by environmental samples (44.9%) and
operator hand swabs (43.3%). Positivity differed significantly among
the three main sample groups (32 = 9.50, df = 2, p = 0.0087), with food
samples showing significantly higher prevalence than environmental
samples. Among food matrices, curd showed the highest positivity rate
(75.0%), followed by finished products (67.6%), although differences
among food sample types were not statistically significant (p = 0.118).
In contrast, positivity differed significantly among environmental sam-
ple types ()(2 = 19.14, df = 8, p = 0.014), with cheese molds/baskets
showing the highest prevalence (66.7%) and multipurpose equipment
control panels the lowest (1/14; 7.1%).

Quantitative analysis of positive samples showed that finished
products had the highest mean viable S. aureus counts overall (4.45 +
1.34 log CFU/g). Significantly lower mean contamination levels were
observed in bulk tank milk, curd, sinks, and handles, ranging from 2.76
to 3.32 log CFU/unit (Table 2).

At farm level (Table 3), S. aureus positivity varied markedly, ranging
from 0.0% in farm 3 to 94.1% in farm 17, with significant differences
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Table 1
Occurrence of Staphylococcus aureus in food, environmental, and human samples
collected from ovine-caprine dairy farms in Central Italy.

Sample group Sample type Positive/Total
samples (%)
Food Bulk tank milk 15/29 (51.7%)
Curd 21/28 (75.0%)
Cheeses during ripening 5/12 (41.7%)
Finished products 23/34 (67.6%)
Total 64/103 (62.1%)*
Environmental  Milking liners 15/37 (40.5%)
Multipurpose equipment/containers for 16/27 (59.3%)
curd production
Cheese molds/baskets 22/33 (66.7%)*
Processing tables/work surfaces 20/43 (46.5%)
Ripening/drying surfaces, cold rooms, 15/36 (41.7%)
refrigerators
Aprons 7/16 (43.8%)
Sinks 25/55 (45.5%)
Handles 10/31 (32.3%)
Multipurpose equipment control panels 1/14 (7.1%)*
Total 131/292 (44.9%)°
Human Operator/dairy worker hand swabs 13/30 (43.3%)
Total 13/30 (43.3%)
Overall 208/425 (48.9%)

Different superscript letters indicate significant differences among main sample
groups (Pearson's x° test with adjusted pairwise comparisons, p < 0.05); *
environmental sample types with markedly different positivity rates in explor-
atory post-hoc one-vs-rest comparisons (p < 0.05).

Table 2
Staphylococcus aureus contamination levels in positive samples by sample
category.

Sample category log CFU/unit (mean +

SD)

Bulk tank milk 2.76 + 0.70"
Curd 3.32 +1.28°

Cheeses during ripening 3.21 + 0.95%
Finished products 4.45 +1.34%
Milking liners 3.45 + 1.34%
Multipurpose equipment and containers used for milk 3.54 + 1.00%
and curd
Molds 3.44 £ 1.22%
Processing tables and work surfaces 3.38 + 0.91%
Ripening and drying surfaces, cold rooms and 3.43 + 1.36%°
refrigerators
Aprons 2.91 + 0.63%
Sinks 2.77 £ 0.63°
Handles 2.94 £ 0.96"
Multipurpose equipment control panels 2.30 + n.d*®
Operator hands 3.33 + 1.06%

Different superscript letters indicate significant differences among sample cat-
egories, as determined by one-way ANOVA followed by Tukey's HSD post-hoc
test (p < 0.05).

among farms overall. Farms 17 and 25 showed significantly higher
positivity than the remaining farms, whereas farms 2 and 3 showed
significantly lower positivity. To assess whether this heterogeneity was
related to sampling season, farm-level positivity was stratified by warm
season (March-August) and cold season (September-February). Overall,
S. aureus positivity was 112/212 (52.8%) in the warm season and 96/
213 (45.1%) in the cold season, with no statistically significant associ-
ation between positivity and seasonality at the overall level. Most farms
showed no significant seasonal difference. The only exception was farm
19, where positivity was significantly higher in the warm season than in
the cold season. These findings indicate that the marked farm-level
variability was not primarily explained by seasonality but was mainly
associated with farm-level differences.
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Table 3

Seasonal and farm-level occurrence of Staphylococcus aureus-positive samples in
ovine—caprine dairy farms located in the Marche and Umbria regions of Central
Italy.

Region Farm
ID

Positive/Total samples (%)

Cold season Total
(September-February)

Warm season
(March—August)

Marche 2 0/12 (0.0%) 2/16 (12.5%) 2/28 (7.1%)"
3 0/12 (0.0%) 0/13 (0.0%) 0/25 (0.0%)"
4 4/11 (36.4%) 1/11 (9.1%) 5/22 (22.7%)
6 6/14 (42.9%) 11/16 (68.8%) 17/30
(56.7%)
13 11/16 (68.8%) 8/16 (50.0%) 19/32
(59.4%)
17 15/17 (88.2%) 17/17 (100.0%) 32/34
(94.1%)"
19 9/15 (60.0%)? 1/16 (6.3%)° 10/31
(32.3%)
22 13/17 (76.5%) 9/16 (56.3%) 22/33
(66.7%)
25 11/13 (84.6%) 10/13 (76.9%) 21/26
(80.8%)"
26 2/16 (12.5%) 7/13 (53.8%) 9/29 (31.0%)
28 8/17 (47.1%) 6/17 (35.3%) 14/34
(41.2%)
Umbria 36 9/13 (69.2%) 8/14 (57.1%) 17/27
(63.0%)
40 5/13 (38.5%) 3/12 (25.0%) 8/25 (32.0%)
45 11/16 (68.8%) 6/13(46.2%) 17/29
(58.6%)
53 8/10 (80.0%) 7/10 (70.0%) 15/20
(75.0%)
Overall 112/212 96/213 (45.1%) 208/425
(52.8%) (48.9%)

Different lowercase letters within the same row indicate significant seasonal
differences. Superscripts H and L indicate farms with significantly higher or
lower total positivity than the pooled remaining farms, respectively. Fisher's
exact tests with separate Holm corrections for seasonal and farm-level com-
parisons; Holm-adjusted p < 0.05. Overall farm effect: Pearson's y*> = 113.67, df
=14, p < 0.001.

3.2. Staphylococcal enterotoxin detection and molecular screening of the
isolates

Thirty-four finished products were tested for the presence of SEs A-E.
Among these, only one sheep cheese sample from farm 13 tested posi-
tive. Since the assay does not differentiate among enterotoxin types, the
specific toxin detected could not be determined. The positive sample
showed a test value of 0.40, above the negative cut-off value of 0.13, and
had a coagulase-positive staphylococci count, confirmed as S. aureus, of
6.63 log CFU/g.

A total of 1662 colonies recovered from the 208 S. aureus-positive
samples were confirmed molecularly as S. aureus by detection of the 16S
rRNA and nuc targets and screened for mecA and mupA. Nine isolates
were mecA-positive and were therefore classified as MRSA, while no
isolate carried mupA. All MRSA isolates were obtained from the farms in
Marche region. Seven MRSA isolates were obtained from farm 26, spe-
cifically from a cold-room handle and from the hand of an operator,
while two MRSA isolates were obtained from a ready-to-eat sheep
cheese with ripening time below 30 days collected in farm 28. Further
characterization showed that the seven isolates from farm 26 were
indistinguishable from each other, as were the two isolates from farm
28. Therefore, only two distinct MRSA strains were identified, one from
farm 26 and one from farm 28.

3.3. Phenotypic antimicrobial susceptibility profiles

From the 1662 confirmed S. aureus isolates, 51 were selected for
extended characterization. Given the low prevalence of MRSA detected
in the sampled farms, isolate selection was expanded to include
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approximately two isolates per sampling session, when available, one
from a food matrix and one from an environmental sample, prioritizing
matrices with the highest S. aureus counts and samples positive for
MRSA and/or SEs. The isolation source and sampling season for each
selected isolate are reported in Supplementary Table 1. Two MRSA
isolates from farm 26, recovered from the operator's hand and the cold-
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room handle, showed identical profiles and were therefore considered as
a single strain (SA39/44). Consequently, 50 isolates were included in the
comparative phenotypic and genotypic analyses.

Phenotypic antimicrobial susceptibility testing showed heteroge-
neous resistance and non-wild-type profiles among the 50 selected
S. aureus isolates (Fig. 2, Supplementary Table 2). Tetracycline

LEV  NOR
ER mS o[

SXT LNZ CN

RD OXA+ PEN FIS

ER mS ]

0
AUG AMP Kz XNL FFC KAN

EnWT = WT

Fig. 2. Phenotypic antimicrobial susceptibility profiles of selected Staphylococcus aureus isolates assessed by disc diffusion and minimum inhibitory concentration
(MIC) testing. (A) Disc diffusion test results classified according to Clinical and Laboratory Standards Institute (CLSI) clinical breakpoints. (B) MIC results classified
according to CLSI clinical breakpoints. (C) MIC results classified as wild-type (WT) or non-wild-type (nWT) according to European Committee on Antimicrobial
Susceptibility Testing (EUCAST) epidemiological cut-off values. R, resistant; I, intermediate; S, susceptible; TE, tetracycline; DA, clindamycin; FOX, cefoxitin; CPT,
ceftaroline; E, erythromycin; LEV, levofloxacin; NOR, norfloxacin; SXT, sulfamethoxazole/trimethoprim; LNZ, linezolid; CN, gentamicin; RD, rifampicin; OXA+,
oxacillin +2% NaCl; PEN, penicillin; FIS, sulfisoxazole; AUG, amoxicillin/clavulanic acid; AMP, ampicillin; KZ, cefazolin; XNL, ceftiofur; FFC, florfenicol;

KAN, kanamycin.
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resistance was detected in 14/50 isolates (28.0%) by both disc diffusion
and MIC testing. MIC testing also identified resistance to sulfisoxazole in
25/50 isolates (50.0%) and to penicillin in 10/50 isolates (20.0%).
Lower levels of resistance or non-susceptibility were observed for clin-
damycin, erythromycin, cefoxitin/oxacillin, norfloxacin, and genta-
micin, whereas all isolates were susceptible to levofloxacin,
sulfamethoxazole/trimethoprim, linezolid, rifampicin, and ceftaroline.
Inducible clindamycin resistance was detected in two isolates. Using
EUCAST ECOFFs or TECOFFs, isolates were classified as wild-type or
non-wild-type, indicating the likely absence or possible presence of ac-
quired resistance mechanisms, respectively. Non-wild-type profiles were
detected for amoxicillin/clavulanic acid, ampicillin, cefazolin, ceftiofur,
and kanamycin, while all isolates were wild-type for florfenicol.

At farm level, resistance and non-wild-type profiles were unevenly
distributed. Isolates from farms 22, 36, and 45 showed consistent
tetracycline resistance, whereas isolates from farm 26 and farm 28
included the most complex resistance profiles, corresponding to the two
MRSA strains SA39/44 and SA46. In particular, SA39/44 from farm 26
showed resistance to tetracycline, clindamycin, cefoxitin, erythromycin,
oxacillin, and penicillin, together with non-wild-type profiles for
amoxicillin/clavulanic acid, ampicillin, cefazolin, ceftiofur, and kana-
mycin. Similarly, SA46 from farm 28 showed resistance to tetracycline,
clindamycin, cefoxitin, oxacillin, penicillin, and sulfisoxazole, with non-
wild-type profiles for the same antimicrobials interpreted using ECOFFs.
In contrast, several farms included isolates that were susceptible or wild-
type for all tested antimicrobials, indicating substantial variability in
antimicrobial susceptibility profiles among farms (Supplementary
Table 2).

3.4. Surface adhesion under in vitro conditions

Based on AMR profiles and the recovery of one isolate from the SE-
positive product, 39 isolates were selected for assessment of surface-
associated adherent biomass using the crystal-violet microtiter plate
assay. As shown in Table 4, all tested isolates showed adhesive capacity.
Specifically, eight isolates (20.5%) were classified as weakly adherent,
22 (56.4%) as moderately adherent, and nine (23.1%) as strongly
adherent. Both MRSA strains and the isolate associated with the SE-
positive cheese sample (SA7), were classified as moderately adherent.

3.5. Whole-genome sequencing-based genomic characterization

WGS produced data of sufficient quality for 40/50 selected isolates.
Genome coverage ranged from 94.57% to 99.82%, allowing down-
stream characterization and molecular typing. The genome sequences
were deposited in the Galaxy/S.L.R.1.O. platform (S. aureus Intensive
Server for Research in Omics data), managed by the National Reference
Laboratory for Coagulase-Positive Staphylococci, including S. aureus
(Istituto Zooprofilattico Sperimentale del Piemonte, Liguria e Valle
d'Aosta, Turin, Italy), and are available from the authors upon request.

As reported in Table 5, MLST analysis identified 11 sequence types
(STs) (1, 45, 72, 133, 398, 522, 700, 1290, 2011, 3044, and 3224)
among the successfully sequenced isolates. STs were assigned by ana-
lysing assembled contigs according to the MLST scheme available in
Public databases for molecular typing and microbial genome diversity
database (https://pubmlst.org/organisms/staphylococcus-aureus)
(Jolley et al., 2018). ST133, ST700, and ST522 were the most frequently
detected sequence types. Six isolates were assigned to three clonal
complexes (CCs), namely CC1, CC8, and CC45. The two MRSA strains
differed genetically: SA39/44 belonged to ST1/CC1l, whereas SA46
belonged to ST398.

WGS confirmed the presence of several AMR genes among the
selected S. aureus isolates (Table 5). Overall, AMR genes were detected
in 17/40 successfully sequenced isolates. The most frequently detected
gene was blaZ (9/40), followed by tet(M) (7/40) and tet(K) (6/40). The
mecA gene was detected in two isolates, corresponding to the two MRSA
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Table 4
In vitro surface adhesion and whole-genome sequencing-based profiles of
biofilm-associated genes in selected Staphylococcus aureus isolates.

Farm Isolate Surface-adhesion Biofilm-associated genes
ID D category . . . . .
icaA icaB icaC icaD icaR
2 SA2 WA + + + + +
6 SA5 WA + + + + +
SA6 MA + + + + +
SA30 WA + + + + +
13 SA7 MA + + + + +
SA8 MA + + + + +
SA54 MA na na na na na
SA55 SA na na na na na
17 SA9 MA + + + + +
SA10 MA + + + + +
19 SAl1 MA + + + + +
SA12 SA + + + + +
22 SA13 MA + + + + +
SA14 MA + + + + +
SA34 SA + + + + +
SA35 MA + + + + +
25 SA15 MA + + + + +
SAl6 MA + + + + +
SA36 MA + + + + +
SA37 SA na na na na na
26 SA17 MA na na na na na
SA18 MA + + + + +
SA38 MA + + + + +
SA39/ MA + + + + +
44
28 SA19 SA + + + + +
SA20 SA + + + + +
SA46 MA + + + + +
SA48 MA + + + + +
36 SA21 WA + + + + +
SA22 WA + + + + +
SA56 MA na na na na na
SA57 MA + + + + +
40 SA23 SA + + + + +
SA24 SA + + + + +
45 SA25 WA + + + + +
SA26 SA + + + + +
SA50 WA na na na na na
SA51 WA na na na na na
53 SA53 MA na na na na na

WA, weakly adherent; MA, moderately adherent; SA, strongly adherent; +,
biofilm-associated gene detected; na, whole-genome sequence data not
available.

strains SA39/44 and SA46. Other resistance genes were detected
sporadically, including erm(T), erm(C), aac(6')-aph(2"), aph(3)-III, lsa
(E), Inu(B), dfrG, and ant(9)-Ia, each identified in a single isolate. Gene-
location analysis showed that several resistance determinants were
chromosomally located, including mecA, tet(M), erm(T), blaZ in some
isolates, and the resistance genes detected in SA46. Plasmid-associated
resistance genes were also identified. In particular, aac(6)-aph(2") and
aph(3)-III were located on mobilizable plasmids, while tet(K) and erm
(C) were detected on non-mobilizable plasmids. The blaZ gene was
detected in both chromosomal and plasmid-associated contexts. The
highest number of resistance genes was observed in SA46 from farm 28,
which carried eight AMR genes, followed by SA39/44 from farm 26,
which carried five AMR genes.

WGS analysis also revealed a widespread distribution of SE and SE-
like genes among the sequenced isolates (Table 5). Classical SE genes
included sea, seb, sec2, sec-bovine, sed, and see, whereas the remaining
detected genes were considered SE-like genes. All successfully
sequenced isolates carried at least one SE or SE-like gene. Genes
encoding classical enterotoxins were detected in 8/40 isolates (20.0%).
Specifically, sec-bovine was identified in five isolates, sec2 in two iso-
lates, and sed in one isolate, while sea, seb, and see were not detected.
The seg gene was detected in four isolates, including the two sec2-pos-
itive isolates. Among SE-like genes, selw and selx were the most
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Table 5

Sequence types, clonal complexes, antimicrobial resistance genes, and staphylococcal enterotoxin (SE)/SE-like gene profiles of selected Staphylococcus aureus isolates subjected to whole-genome sequencing.

Farm ID Isolate Sequence  Clonal Antimicrobial resistance genes Staphylococcal enterotoxin (SE) and SE-like genes
ID t 1
ype comprex mecA tet tet erm erm aac(6)- blaZ aph Isa Inu dfrG ant  sea seb sec2 sec- sed see seg seh sei sel selc4 selc-  selj selu2 selw selx sem sen seo ser sey
™M (K) (T) (C) aph2) 3)-l (E) (B) (9)-Ia bovine ovine
2 SAl 133 n/a - - - - - - - - - - - - - - - - - - - - + - 4 - T
c
SA2 398 n/a - - - o4& - 4m +o - - - - = - - - - . .
4 SA3 133 n/a - - - - - - - - - - - - - - - = - - - - - - - = - - +¢ 4+ - - - -
SA4 133 n/a - - - - - - - - - - - - - - - - - - - - - - = - - +¢ +° - - - - -
SA29 133 n/a - - - - - - - - - - - - - - - - - - - - - - - - - - +C 4y - - _ _
6 SA5 522 n/a - 4 - - - - - - - - - - - - - - - - - - - - - T
SA6 1290 CC1 - - - - - - +°¢ - - - - - - - - - - - - - - - - . Sy oy
SA30 2011 n/a - - - - - - - - - - - - - - - - - - - - - - - - - - +¢ e - - - _
SA31 na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na
13 SA7 700 n/a — - - - - - - — — - — - - - - +¢ - - - + - _ _ 4 oy - - -
c
SA8 2011 n/a - - - - - - - - - - - - - - - - - - - - - - - - - - +¢ 4y - - - _
SA54 na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na
SA55  na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na
17 SA9 700 n/a - - - - - - - - - - - - - - - - - - - - - - - - - 4 oy 4 - _
SA10 700 n/a - - - - - - - - - - - - - - - - - - - - - - - - 4 4 g -
SA32 133 n/a - - - - - - - - - - - - - - - - - - - - + - + ¢ s S I
c
SA33 133 n/a - - - - - - - - - - - - - - - - - - - - - - - T
19 SAl11 700 n/a — - - - - - — — — - — - - - - + ¢ - - - + - _ - 4+ 4 4 - - -
c
SA12 700 n/a - - - - - - - - - - - - i T
c
22 SA13 522 n/a . - - - - - - - - - - - - -~ T
SA14 522 n/a - +°¢ - - - - - - - - - - - - - - B - - 4% 44 - - - -
SA34 522 n/a -+ - - - - - - - - - - - - - - - - - - - - - T
SA35 522 n/a - +¢ - - - — — — — - — — - - - — - - - R _ - 4+C 4 4 - - -
25 SA15 72 CC8 - - - - - - +¢ - - - - - - - - - - - 4+ 4+ - - - - 4C g ge g e e
c
SA16 45 CC45 - - 4+ - - - +" - - - - - - - +° - - - 4=+ 4+ 4+ - T S S e S SR
c c
SA36 72 CC8 - - - - - - +¢ - - - - - - - - - - - 4+ 4+ - - — - 4C¢ g gpce g ey
c
SA37 na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na
26 SA17 na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na
SA18 3224 n/a - - - - - - - - - - - - - - - - - - - 4+ - - — + ¢ - - - - - - - 4c
SA38 3044 n/a - - - - - - +0 - - - - - - - - - +m - - - - - + - Gy oy 4
m m
SA39/ 1 ccl BT 4rogm - - - C o~ g o .
44
28 SA19 133 n/a - - - - - - - - - - - - - - - - - - - + - + ¢ . G+ oy - - -
c
SA20 133 n/a - - — - - - - — — - — - - - - — - - - _ + - + ¢ _ 4oy - - -
c
SA46 398 n/a +¢ 4+ 4" - - +¢ - B - - - - - - - - - - - - - - - -
SA48 133 n/a - - — - - - - — — - — - - - - — - - - _ + - + ¢ _ 4oy - - -
c
36 SA21 3044 n/a - - - - - - - - - - - - - - - - . T
SA22 45 CC45 - - - - - - +7 - - - - - - - 4+° - - - 4+ 4+ 4+ +° - - - +¢ 4+ 4+ -~

o

(continued on next page)
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Table 5 (continued)

Farm ID Isolate Sequence  Clonal Antimicrobial resistance genes Staphylococcal enterotoxin (SE) and SE-like genes
ID e complex
P P mecA tet tet erm erm aac(6)- blaZ aph Isa Inu dfrG ant  sea seb sec2 sec- sed see seg seh sei sel selc4 selc-  selj selu2 selw selx sem sen seo ser sey
M) (K) () (C) aph(2) (3)-1 (E) (B) (9)-Ia bovine ovine
SA56 na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na
SA57 522 n/a -+ 4o - - - - - - - - - - - - - - - - - - - - - -S4t o o oo
40 SA23 133 n/a - - - - - - - - - - - - - - - - - - - - - - - - - - +¢ +°- - - - -
SA24 133 n/a - - - - - - - - - - - - - - - - - - - - - - - - - -+ 4+ - - - -
SA49 133 n/a - - - - - - - - - - - - - - - - - - - - -+ - - .
c
45 SA25 700 n/a - - +7 - - - - - - - - - - - -+ - - - - - + - - - - +¢ 4+ - - - - -
c
SA26 700 n/a - - 4o - - - - - - - - - - 4 - e
c
SA50 na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na
SA51  na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na
53 SA27 133 n/a - - - - - - - - - - - - - - - = - - - - - 4+ - + ¢ - - +¢ +°- - - - -
c
SA28 133 n/a - - - - - - - - - - - - - - - e
c
SA52  na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na
SA53 na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na na
Total isolates 2 7 6 1 1 1 9 1 1 1 1 1 0o 0 2 5 1 0 4 2 4 152 7 2 3 39 36 4 4 4 1 1

na, sequence data not available; n/a, clonal complex not assigned; +, gene detected; —, gene not detected. Superscript letters following + indicate gene location: ¢, chromosome; ™, mobilizable plasmid; ", non-mobilizable

plasmid.
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frequently detected, being present in 39/40 (97.5%) and 36,/40 (90.0%)
isolates, respectively. Other SE-like genes were less frequent, including
sel in 15 isolates, selc-ovine in seven isolates, sei, sem, sen, and seo in four
isolates each, selu2 in three isolates, seh, selc4, and selj in two isolates
each, and ser and sey in one isolate each. The detected SE and SE-like
genes were chromosomal, with the exception of sed, selj, and ser,
which were detected in isolate SA38 and identified on mobilizable
plasmid-associated contigs. The isolate SA7, recovered from the cheese
sample positive for SEs, carried sec-bovine together with sel, selw, and
selx.

Finally, all adhesion-tested isolates that were successfully sequenced
carried the ica operon genes icaA, icaB, icaC, icaD, and icaR (Table 4).

3.6. Phylogenetic relatedness and isolate-level associations

SNP-based phylogenetic analysis identified several groups of closely
related or near-identical S. aureus isolates within individual farms
(Fig. 3). A cluster comprising SA13, SA14, SA34, and SA35 from farm 22
grouped ST522 isolates recovered from both food and environmental
sources and showed very limited pairwise variation, differing by 0-3
SNPs. Similarly, SA15 and SA36 from farm 25, both belonging to ST72
and recovered from food matrices during different sampling seasons,
differed by 3 SNPs. Isolates SA3, SA4, and SA29 from farm 4, all
belonging to ST133, also clustered together, with pairwise differences of
0-4 SNPs, suggesting the circulation of a farm-associated lineage. The
two MRSA isolates from farm 26, SA39 and SA44, clustered together,
belonged to ST1, and showed 0 SNP differences, supporting their clas-
sification as the same strain profile. Paired or grouped isolates from
farms 17, 19, 28, 40, and 53 also showed close phylogenetic relatedness
within the same farm. The complete pairwise SNP distance matrix is
provided in Supplementary Table 3. Overall, these low SNP distances
indicate recent common ancestry and are compatible with within-farm
circulation over time. However, they do not distinguish continuous
environmental persistence from repeated introduction from a stable
animal, human, or environmental reservoir.

In agreement with these observations, exploratory isolate-level an-
alyses showed significant associations between STs and phenotypic AMR
profiles, AMR gene profiles, and SE/SE-like gene profiles, while farm ID
was significantly associated with SE/SE-like gene profiles (Fig. 4).

4. Discussion

This study provides an integrated microbiological, phenotypic, and
genomic assessment of S. aureus circulating in small-scale ovine-caprine
dairy farms with on-site raw milk processing in Central Italy. Overall,
S. aureus was detected in almost half of the analysed samples, confirming
that this pathogen is widely distributed across food matrices, processing
environments, and operator-associated samples in this production
setting. The highest occurrence was observed in food samples, particu-
larly curd and finished products, whereas cheese molds/baskets repre-
sented the most frequently contaminated environmental surfaces. These
findings identify curd handling, molding, and ripening-related steps as
critical points for amplification and transfer of S. aureus along the pro-
duction chain, and are consistent with previous observations that direct
manual handling, repeated contact with reusable equipment, and non-
standardized artisanal procedures can facilitate contamination in
small-scale dairy systems (Latorre et al., 2020; Mezher et al., 2023;
Papadopoulos et al., 2019).

The significant heterogeneity in observed sample positivity among
farms indicates that contamination was unevenly distributed across the
investigated production systems. This variability may reflect differences
in animal reservoirs, hygiene practices, equipment design, product
handling, sanitation procedures, and the composition of the sampled
matrices (Kalayu et al., 2020; Papadopoulos et al., 2019). However,
because the analysis pooled different matrix types and sampling seasons,
these findings should be interpreted as exploratory, unadjusted
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Fig. 3. Phylogenetic relationship of selected Staphylococcus aureus isolates
based on single nucleotide polymorphism (SNP) analysis.
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significance level. AMR, antimicrobial resistance; MRSA, methicillin-resistant Staphylococcus aureus; SE, staphylococcal enterotoxin.

comparisons and do not establish causal farm effects. Nevertheless, the
magnitude of the observed heterogeneity supports the identification of
farm-specific critical contamination points and the implementation of
tailored control measures. The seasonal stratification further supported
this interpretation, as overall positivity did not differ significantly be-
tween warm and cold seasons, and the most extreme farms maintained
consistent patterns across both sampling periods. Thus, the observed
heterogeneity is more likely to reflect farm-specific management, hy-
giene, processing practices, and sampled matrices than a general sea-
sonal effect. Similar farm-to-farm variability has been reported in dairy
systems and is generally attributed to differences in udder health, animal
reservoirs, operator carriage, cleaning procedures, equipment design,
and separation between clean and contaminated processing areas
(Kalayu et al., 2020; Papadopoulos et al., 2019). Importantly, high
S. aureus occurrence did not necessarily correspond to complex AMR
profiles, as isolates from farm 17 showed limited resistance. Neverthe-
less, high contamination levels remain relevant from a food safety
perspective because they increase the probability of transfer to ready-to-
eat products and may create favourable conditions for SE production.
The detection of SE in only one finished product may appear limited,
but the finding is relevant from a food-safety perspective because the
positive cheese also showed a high S. aureus load (6.63 log CFU/g).
However, as this represented a single positive sample from one farm, it
should not be interpreted as evidence of widespread SE contamination
across the production system. Rather, it demonstrates that, under spe-
cific farm and product conditions, S. aureus can reach high concentra-
tions associated with conditions permissive for enterotoxin production.
Staphylococcal food poisoning is typically associated with the ingestion
of preformed, heat-stable SEs produced during bacterial growth in food,
and high bacterial concentrations in ready-to-eat matrices represent a
recognized risk factor (Cieza et al., 2024; Fisher et al., 2018; Hennekinne
et al., 2012). The isolate SA7, recovered from the SE-positive cheese,
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carried sec-bovine together with sel, selw, and selx. The sec-bovine variant
belongs to the staphylococcal enterotoxin C group and has been
described as a host-associated type C enterotoxin variant, with relevance
in ruminant-associated S. aureus and dairy contexts (Marr et al., 1993).
Its detection in an isolate recovered from an SE-positive cheese sample is
therefore consistent with the presence of a classical SE-associated ge-
netic background. The additional detection of sel, selw, and selx indicates
a broader SE/SE-like gene repertoire. Although SE-like proteins have not
always been conclusively implicated in emetic intoxication, they may
contribute to the pathogenic potential of S. aureus because several
display superantigenic or immunomodulatory activities and are
frequently found alongside classical SE genes in enterotoxigenic strains
(Cieza et al., 2024; Fisher et al., 2018). SE and SE-like genes have also
been reported in staphylococci from raw milk and raw milk cheeses,
confirming that dairy environments can harbour strains with entero-
toxigenic potential (Moawad et al., 2025; Wisniewski et al., 2024). In
the present study, most detected SE and SE-like genes showed chro-
mosomal localization, including sec-bovine, sel, selw, and selx in SA7.
This finding is consistent with the diverse genomic organization of the
enterotoxin family, whose genes may occur on chromosomes or on
mobile genetic elements depending on the toxin type and strain back-
ground (Cieza et al., 2024; Fisher et al., 2018). Notably, isolate SA38
carried sed, selj, and ser on mobilizable plasmid-associated contigs. This
is biologically relevant because several SE genes occur on plasmids,
prophages, pathogenicity islands, genomic islands, or enterotoxin gene
clusters, contributing to variability in enterotoxin gene repertoires
among S. aureus isolates (Cieza et al., 2024; Fisher et al., 2018). In
particular, the co-occurrence of sed, selj, and ser is compatible with
previously described plasmid-borne enterotoxin gene combinations,
although plasmid-associated localization alone does not demonstrate
horizontal transfer under dairy-production conditions (Fisher et al.,
2018). Importantly, immunoenzymatic assays used for food testing
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detect SEs but do not necessarily identify the specific toxin variant
involved, and the presence of an SE or SE-like gene alone does not
demonstrate gene expression or toxin production under the conditions
of cheese manufacture and storage (Fetsch et al., 2014; Schelin et al.,
2011; Wisniewski et al., 2024). Future studies should therefore eval-
uate representative isolates carrying classical SE genes under simulated
cheese-ripening conditions, combining genomic screening with reverse
transcription quantitative polymerase chain reaction (RT-qPCR) to
assess enterotoxin gene expression and enzyme-linked immunosorbent
assay (ELISA) or liquid chromatography-tandem mass spectrometry
(LC-MS/MS) to quantify actual toxin production. Thus, the concordance
between SE detection in the cheese and the presence of sec-bovine in SA7
supports, but does not prove, the involvement of this isolate in entero-
toxin production. Overall, the combination of raw milk processing, high
S. aureus loads in some matrices, classical SE genes in selected isolates,
and plasmid-associated SE/SE-like genes in one isolate supports the need
for strict control of bacterial growth during curd handling, early
ripening, and storage of short-ripened products.

The low prevalence of MRSA is reassuring but remains important
from a One Health perspective. S. aureus is a major opportunistic path-
ogen in humans and animals, and MRSA continues to be one of the most
relevant AMR threats globally (World Health Organization, 2024a). In
the present study, MRSA was confined to farms in the Marche region and
was represented by two distinct genomic backgrounds. SA39/44,
recovered from the operator's hand and a cold-room handle in the same
farm, belonged to ST1/CC1. The occurrence of the same strain profile on
a human-associated sample and an environmental surface is compatible
with cross-contamination within the processing environment and sup-
ports the role of operators as possible reservoirs or vectors. ST1/CC1
MRSA with human-associated markers has been previously reported in
livestock-related contexts, including dairy sheep farms (Alba et al.,
2015; Carfora et al., 2016). In contrast, SA46, recovered from a cheese
during ripening, belonged to ST398 which is widely recognized as a
livestock-associated lineage with the capacity to colonize animals and
humans and to circulate across animal, food, environmental, and
occupational interfaces (Tian et al., 2025). Its detection is therefore
relevant even in the context of low MRSA prevalence, because raw milk
dairy products can act as a vehicle for strains carrying clinically
important resistance determinants. The distinct genetic backgrounds of
SA39/44 and SA46 are consistent with different epidemiological origins
rather than a single common MRSA dissemination event. The low MRSA
occurrence observed here contrasts with the higher prevalence reported
in some Northern and Central European dairy surveys. German studies
detected MRSA in 9.7% and 8.5% of conventional dairy-herd bulk-tank
milk samples in 2014 and 2019, respectively, with prevalence increasing
with herd size and livestock density (Tenhagen et al., 2018; Tenhagen
et al., 2023). These differences may partly reflect variation in produc-
tion intensity, herd structure, antimicrobial exposure, and the regional
ecology of livestock-associated MRSA, particularly CC398. In contrast,
MRSA carriage was detected in only 1.1% of sheep farmers in an Italian
survey (Mascaro et al., 2019), suggesting a more limited MRSA reservoir
in comparable small-ruminant systems. This is consistent with the lower
occurrence observed in our small-scale ovine-caprine farms and may
reflect the combined influence of lower herd density, different produc-
tion structures, and the local distribution of MRSA lineages.

Phenotypic antimicrobial susceptibility testing revealed a heteroge-
neous but biologically coherent resistance pattern. Sulfisoxazole resis-
tance was the most frequent MIC-based finding, followed by tetracycline
and penicillin resistance. Tetracycline resistance was supported by the
detection of tet(M) and tet(K), whereas penicillin resistance was mainly
associated with blaZ. This finding is relevant from a public-health
perspective because several of the antimicrobial classes involved,
including beta-lactams, tetracyclines, macrolides, aminoglycosides, and
sulfonamides, include compounds used in human medicine and are lis-
ted among medically important antimicrobials (World Health
Organization, 2024b). In particular, blaZ-mediated beta-lactamase
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production may compromise penicillins and aminopenicillins such as
ampicillin and amoxicillin, while mecA is associated with resistance to
most beta-lactams used for staphylococcal infections. Thus, contami-
nated raw-milk dairy matrices may act not only as a source of resistant
S. aureus, but also as a potential vehicle for resistance determinants
affecting antimicrobial classes of human clinical relevance, although
actual transfer or infection risk depends on bacterial viability, exposure,
host susceptibility, and processing/storage conditions (European Food
Safety Authority and European Centre for Disease Prevention and
Control, 2026; World Health Organization, 2024b). The agreement be-
tween phenotypic and genomic data was especially evident in multi-
determinant isolates such as SA39/44 and SA46, which also carried
mecA, the key determinant of methicillin resistance in S. aureus. The
usefulness of WGS for predicting AMR phenotypes in S. aureus has been
previously demonstrated (Gordon et al., 2014; Nurjadi et al., 2021). The
absence of mupA in all screened isolates is reassuring with regard to
high-level mupirocin resistance, as mupA is the main determinant
associated with high-level resistance. However, continued monitoring is
justified in a One Health framework because mupirocin resistance can
emerge under selective pressure and has been reported globally (Deepak
et al., 2024). The localization of AMR determinants on plasmid-
associated sequences increases the relevance of these findings. In
particular, aac(6)-aph(2") and aph(3)-III were located on predicted
mobilizable plasmids, tet(K) and erm(C) were detected on non-
mobilizable plasmids; while blaZ was found in both chromosomal and
plasmid-associated contexts. These genomic findings indicate potential
mobility of some resistance determinants. However, horizontal transfer
was not experimentally demonstrated and would require functional
validation through conjugation or transformation assays. Mobile genetic
elements are central drivers of AMR dissemination and may enable
resistance determinants to move within complex microbial communities
present in raw milk, on processing surfaces, and during cheese manu-
facture (Partridge et al., 2018). This is particularly important in artisanal
raw milk systems, where complex microbial communities can remain
viable throughout production and ripening and may provide opportu-
nities for the persistence and potential exchange of AMR genes.
Accordingly, the detection of resistance determinants to antibiotics with
human therapeutic relevance, even when sporadic, supports the inter-
pretation of raw-milk dairy chains as potential reservoirs and trans-
mission interfaces within a One Health AMR framework, rather than as
isolated food-safety findings alone (European Food Safety Authority and
European Centre for Disease Prevention and Control, 2026; World
Health Organization, 2024b). Therefore, even sporadic detection of
mobilizable resistance genes in S. aureus should be considered relevant
for surveillance in raw milk dairy chains (Alexa et al., 2024; Partridge
et al., 2018).

Surface adhesion and subsequent biofilm development may
contribute to environmental persistence and recurrent contamination in
dairy settings. In the present study, all tested isolates produced detect-
able adherent biomass on polystyrene, and most were classified as
moderately or strongly adherent under the tested static conditions. Both
MRSA isolates and the SE-associated isolate SA7 were moderately
adherent, indicating that isolates carrying public health-relevant traits
also exhibited appreciable surface-attachment potential. However, the
crystal-violet microtiter plate assay measures total surface-associated
biomass and does not directly demonstrate cell viability or mature
biofilm architecture (Azeredo et al., 2017; Stepanovic¢ et al., 2007).
Furthermore, adhesion to polystyrene cannot be directly extrapolated to
stainless steel, wooden molds, rubber milk liners, or other dairy-
processing materials, which have different physicochemical properties
and surface structures. Surface composition, temperature, milk residues,
and sanitation conditions may substantially influence attachment and
biofilm development (Di Ciccio et al., 2015; Medina et al., 2025).
Therefore, the observed adhesion phenotype should not be considered
direct evidence of biofilm formation or persistence on commercial dairy-
farm surfaces. Nevertheless, biofilms containing S. aureus have been
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documented on milk-contact equipment and may act as reservoirs for
recurrent milk contamination, supporting careful sanitation of molds
and baskets, cold rooms, ripening surfaces, sinks, and handles (Latorre
et al.,, 2020). All adhesion-tested isolates that were successfully
sequenced carried the icaA, icaB, icaC, icaD, and icaR genes, which are
associated with polysaccharide intercellular adhesin/poly-N-acetylglu-
cosamine-mediated biofilm development. Although these determinants
have been associated with stronger biofilm phenotypes in MRSA, their
presence alone does not demonstrate gene expression or predict biofilm
formation under dairy-processing conditions (Yu et al., 2024). The
variation in adherent biomass despite the widespread presence of the ica
operon therefore suggests an additional influence of gene regulation,
strain background, and environmental conditions.

Phylogenetic and exploratory isolate-level analyses supported a
predominantly farm-specific structure of S. aureus diversity. MLST
analysis identified a diverse ST distribution, with ST133, ST700, and
ST522 as the most frequent sequence types. This pattern is partly
consistent with recent WGS data from small-ruminant mastitis in Sar-
dinia, where ST133 and ST700 were dominant, and with earlier
Sardinian ovine-mastitis data identifying CC130/ST700/t1773 as a
prevalent lineage (Azara et al., 2017; Moawad et al., 2025). The
detection of ST133 is also in line with previous reports from Mediter-
ranean small-ruminant flocks, where this lineage has been described
among the main S. aureus genetic backgrounds associated with sheep
and goat milk or mastitis (Dore et al., 2016; Gelasakis et al., 2015).
Overall, the presence of ST133 and ST700 supports the circulation of
small-ruminant-associated S. aureus lineages in Mediterranean dairy
systems, whereas the relatively prominent ST522 component in our
dataset may reflect local farm-level or regional variation. Among MRSA
isolates, the detection of ST1/CC1 and ST398 is consistent with previous
reports of zoonotic MRSA lineages in Italian small-ruminant dairy chains
and Mediterranean dairy-farm settings, including bulk-tank milk, farm-
related humans, and dairy-farm environments (Caruso et al., 2016;
Macori et al., 2017; Papadopoulos et al., 2019). However, ST398 was
detected in only two isolates in the present study, contrasting with other
geographical areas, particularly Northern Europe, where ST398 has
more frequently been reported as a livestock-associated S. aureus lineage
(Lietal., 2022; Moawad et al., 2023). Overall, our data support a mixed
population structure dominated by small-ruminant-associated STs, with
sporadic MRSA lineages relevant to the human-animal interface. Closely
related isolates were identified within the same farms, sometimes across
different matrices and sampling seasons, supporting farm-associated
circulation compatible with either local persistence or repeated
contamination, rather than isolated contamination events. This pattern
may reflect introduction from stable reservoirs, such as colonized ani-
mals or operators, survival in inadequately sanitized niches, surface
attachment followed by biofilm development under suitable conditions,
or a combination of these factors. Consistently, sequence type was
significantly associated with phenotypic AMR profiles, AMR gene pro-
files, and SE/SE-like gene profiles, while farm ID was associated with
SE/SE-like gene profiles. Overall, isolate clustering appeared to be
driven mainly by genetic background and farm-level factors, supporting
the need for farm-tailored control measures.

Previous studies have investigated S. aureus at different levels of
dairy production systems. In Italy, enterotoxigenic isolates have been
reported in raw ovine milk, while methicillin-resistant and methicillin-
susceptible strains have been characterized in dairy sheep and in-
contact humans, providing evidence of possible intra-farm circulation
between animal and human hosts (Carfora et al., 2016; Giacinti et al.,
2011). Production-chain studies conducted in Italian artisanal dairies,
Greece, Norway, Austria, and Poland have further documented S. aureus
in raw milk, intermediate and finished products, personnel, equipment,
and processing environments using chain-wide microbiological sam-
pling, molecular typing, antimicrobial-susceptibility testing, virulence
and adhesion-related characterization, or WGS (Gajewska et al., 2022,
2023; Johler et al., 2018; Jgrgensen et al., 2005; Papadopoulos et al.,
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2018; Walcher et al., 2014). The specific contribution of the present
study therefore lies not in the combination of these analytical methods
per se, but in the insights obtained by integrating them within a multi-
farm and two-season investigation of small-scale ovine—caprine raw-
milk production chains. This integration showed that contamination
was strongly farm-dependent and concentrated at specific processing
steps, whereas a high occurrence of S. aureus did not necessarily corre-
spond to a greater AMR burden. It also identified distinct MRSA lineages
in different epidemiological contexts and genetically related isolates
recovered from different matrices and, in some farms, across sampling
seasons, findings compatible with farm-associated circulation, recur-
rence, or persistence. Taken together, these results indicate that sur-
veillance based exclusively on product contamination or AMR
prevalence would provide an incomplete assessment and support control
measures tailored to the contamination patterns and strain character-
istics of individual farms. For small artisanal dairies, such measures may
include targeted mastitis management, strict hand and milking hygiene,
systematic sanitation of critical surfaces, and simple farm-specific
cleaning checklists focused on recurrent contamination points.

5. Conclusions

This study demonstrates that S. aureus is widely distributed along
ovine—caprine raw-milk dairy chains in Central Italy, with marked het-
erogeneity in sample positivity among farms. Curd handling, cheese
molding, ripening environments, sinks, handles, and manual operations
emerged as key points for bacterial transfer or persistence. Although
MRSA showed low sample prevalence, the detection of distinct MRSA
strain profiles, plasmid-associated AMR determinants, classical SE
genes, and surface-adhesion potential under the tested conditions
highlights the One Health relevance of S. aureus in this production
setting. Importantly, the occurrence of resistance determinants affecting
antimicrobial classes used in human medicine, including beta-lactams,
suggests that raw milk dairy chains may act as potential reservoirs
and vehicles of AMR traits with clinical relevance. WGS and pairwise
SNP analysis identified genetically related, near-identical S. aureus iso-
lates within individual farms across matrices and, in some cases, sam-
pling seasons, supporting farm-associated circulation compatible with
either local persistence or repeated contamination from a stable reser-
voir. Control measures should prioritize production stages and product
categories in which S. aureus growth may occur during production,
particularly curd and other intermediate matrices and short-ripened
products. A risk-based, farm-specific approach is therefore recom-
mended, combining control of contamination and bacterial growth at
these stages, improved sanitation of recurrently contaminated equip-
ment and environmental surfaces, strengthened milking and handling
hygiene, and targeted surveillance for MRSA, enterotoxigenic strains,
and clinically relevant AMR determinants. These measures should be
adapted to the contamination patterns and critical points identified at
each farm.
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