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ABSTRACT

The global dairy industry faces a persistent and escalating challenge from Staphylococcus aureus, a primary
agent of bovine mastitis and a major public health pathogen. This review synthesizes evidence to examine the
complex epidemiology of antimicrobial resistance (AMR) in dairy-associated S. aureus, a crisis propelled by
antimicrobial misuse in livestock and facilitated by dynamic transmission at the human-animal-environment
interface. Studies from Africa, Asia, Europe, and America reveal a high and geographically variable prevalence
of multidrug-resistant (MDR) and methicillin-resistant S. aureus (MRSA) strains, with particularly concerning
resistance to beta-lactams and tetracyclines. Molecular analyses highlight the adaptation of successful clonal
complexes (e.g., CC97, ST-1) in dairy herds and the widespread carriage of enterotoxin genes, resulting in
zoonotic and food safety risks independent of AMR status. The transmission of resistant strains is amplified by
suboptimal farm hygiene, direct occupational contact, and environmental contamination, with raw milk serving
as a key vehicle for human exposure. The convergence of MDR, methicillin resistance, and potent virulence
determinants in these strains poses a severe One Health threat, leading to difficult-to-treat infections that increase
morbidity and healthcare costs. Mitigating this crisis requires an integrated, multi-pronged strategy. This
includes stringent antimicrobial stewardship such as culture-guided therapy and selective dry cow treatment
coupled with improved biosecurity, milking hygiene, and comprehensive surveillance. The development and
adoption of alternative interventions, including vaccines, bacteriophages, and probiotics, are promising avenues
to reduce antibiotic dependence. Concerted, cross-sectoral action under a One Health framework is urgently
needed to curb the spread of AMR, protect animal welfare, ensure dairy sector sustainability, and safeguard
global public health security.
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INTRODUCTION

The global dairy industry faces a persistent and significant threat from Staphylococcus aureus, a primary cause
of bovine mastitis with substantial economic impacts. Beyond its effects on animal health and productivity, S.
aureus is a pathogen of major public health concern due to its zoonotic potential and formidable capacity to
develop and disseminate antimicrobial resistance (AMR). The epidemiology of AMR in dairy-associated S.
aureus is a complex, interconnected issue involving animal and human health, characterized by considerable
geographical variation that reflects differences in antimicrobial usage practices, farm management, and
surveillance systems. This variation has created a global network of diverse and evolving resistance patterns.
The emergence of multidrug-resistant (MDR) and methicillin-resistant S. aureus (MRSA) strains within the
dairy production chain poses a direct threat to food safety and complicates the treatment of infections in both
veterinary and human medicine. This review aims to comprehensively examine the global scope of this
challenge, exploring the molecular drivers of resistance, the dynamics of transmission at the human-animal-
environment interface, the consequent public health risks, and the integrated strategies necessary for mitigation
and control.
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Global Epidemiology of AMR in Staphylococcus aureus from Dairy Sources

Internationally, the dairy industry faces a persistent and significant threat from Staphylococcus aureus, which is
a primary cause of bovine mastitis. S aureus is also a pathogen of major concern of public health owing to its
zoonotic potential and its ability to cause antimicrobial resistance (AMR). The epidemiology of AMR in dairy
which is associated with S. aureus is a complex, interconnected issue involving animal and human health, which
is also characterized by a considerable geographical variation that reflects in the differences in antimicrobial
usage practices, farm management, and surveillance systems. Therefore, this variation has created a global
network of resistance patterns.

Studies conducted in Africa show a concerning AMR prevalence. For example, a high resistance of about 85%
and 75% to penicillin and ampicillin respectively to ampicillin in Ethiopia, while there is susceptibility to other
drugs like ciprofloxacin (Gutama & Anberber, 2025). In Southern Mozambique a high frequency of S. aureus
was detected in raw milk, with notable penicillin resistance (43%) and, critically, the presence of human-adapted
strains (e.g., ST1/CC1) in cattle, suggesting anthroponotic transmission (Nhatsave et al., 2021). Across Asia, the
situation is particularly severe and heterogeneous. A scoping review by Veloo et al. (2025) highlighted
significant research and surveillance gaps outside China, confirming S. aureus as a key pathogen resistant to
critically important antimicrobials. Country-specific studies from Pakistan document high resistance to
amoxicillin (85%) and penicillin (71%) in raw milk (Batool et al., 2025), while research in northern Bangladesh
presents an extreme case, with 100% resistance to penicillin, 64% of isolates classified as multidrug-resistant
(MDR), and 21.4% carrying the mecA gene (MRSA) (Islam et al., 2025).

National insights further detail this complex landscape. In Egypt, Badawy et al. (2022) provided critical insights
into the ecological distribution of virulent, MDR S. aureus, finding a high prevalence of MRSA (19.4% mecA-
positive) and enterotoxigenic strains across milk, environmental samples, and dairy products, with 86.6% of
isolates resistant to three or more antimicrobial classes. This underscores small-scale farms as critical reservoirs.
Conversely, European data from Sicily, Italy, offers a contrasting yet concerning profile. The study by Russo et
al. (2025) reported lower MRSA prevalence (1.98%) but high resistance to gentamicin (47.5%) and
erythromycin (29.7%), with 33.7% MDR. Notably, it detected vancomycin-resistant and intermediate
phenotypes without the corresponding van genes, pointing to complex, non-genotypic resistance mechanisms,
and molecular typing revealed evidence of human-to-animal host jumps of clones like CC5 and CC97.

The emergence and spread of this resistance are driven by multifaceted factors. The routine and often unregulated
use of antibiotics in livestock for treatment, prophylaxis, and growth promotion exerts a powerful selective
pressure, evident in the consistently high global resistance to first-line beta-lactams (Pekana & Green, 2018;
Batool et al., 2025; Islam et al., 2025). This is compounded by extrinsic factors on farms, such as inadequate
milking hygiene, poor barn management, and infrequent equipment cleaning, which are significantly correlated
with higher contamination rates (Gutama & Anberber, 2025; Batool et al., 2025). Critically, the dynamic
interplay between human and animal reservoirs acts as a key driver of AMR epidemiology. Compelling evidence
shows the bidirectional transmission of strains, with human-adapted lineages like CC1, CC5, CC8, and CC152
repeatedly isolated from bovine mastitis across continents (Nhatsave et al., 2021; Islam et al., 2025), and the
global emergence of livestock-associated MRSA (LA-MRSA) clones. This dynamic facilitates the flow of
resistance and virulence genes through mobile genetic elements within the farm environment (Nhatsave et al.,
2021; Islam et al., 2025). Adding to the challenge is the genetic complexity of resistance, where instances of
phenotypic resistance without known genetic determinants—such as oxacillin resistance without the mecA gene
(Islam et al., 2025) or vancomycin resistance without van genes (Russo et al., 2025)—point to alternative or
emerging mechanisms that complicate diagnosis and control.

The public health implications are severe. The convergence of MDR, MRSA, and a suite of potent virulence
genes (e.g., PVL, enterotoxins, biofilm genes) in dairy-derived S. aureus strains creates a significant One Health
threat (Nhatsave et al., 2021; Islam et al., 2025). These resistant and virulent pathogens can transfer to humans
through direct contact with animals, environmental contamination of water, soil, and manure, or the consumption
of unpasteurized dairy products like raw milk cheese, potentially leading to difficult-to-treat infections. In
conclusion, the global challenge of AMR in dairy-related S. aureus is marked by the widespread distribution of
resistant strains, with regional variations shaped by local practices. Addressing this escalating crisis requires an
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integrated, One Health approach. Coordinated actions across veterinary, agricultural, and public health sectors
are essential to promote prudent antimicrobial use, enhance and harmonize surveillance, improve farm hygiene
standards, and support molecular research to track resistance gene flow. Without such coordinated efforts, the
continued spread of multidrug-resistant S. aureus will persistently jeopardize animal health, dairy industry
sustainability, and public health security worldwide.

Molecular Ecology and AMR in Dairy: Insights from Staphylococcus aureus

The molecular ecology of Staphylococcus aureus in dairy systems is a complex interplay between bacterial
population genetics, virulence determinants, and antimicrobial resistance (AMR) profiles, shaped by host
adaptation, management practices, and geographic factors. Recent genomic studies from diverse dairy-producing
regions—including the United States, China, and New Zealand—highlight both conserved and divergent
patterns in the population structure, resistance gene carriage, and virulence potential of mastitis-associated S.
aureus.

In the United States, a large-scale study of bulk tank milk (BTM) samples revealed a high herd-level prevalence
(62.4%) of S. aureus, with isolates exhibiting limited AMR gene carriage aside from the nearly ubiquitous efflux
pump gene norA (Patel et al., 2021). Methicillin resistance was rare, with only one isolate (0.8%) carrying
the mecA gene, belonging to ST72-CC8. The population was dominated by clonal complex CC97 (47.6%),
particularly ST2187, suggesting the circulation of a successful bovine-adapted lineage. Notably, virulence gene
carriage was high, with enterotoxin genes such as sen, sem, sei, and seg detected in over 30% of isolates,
indicating a latent risk for staphylococcal food poisoning despite low AMR prevalence (Patel et al., 2021).

In contrast, Chinese dairy herds exhibited a markedly higher burden of AMR genes among S. aureus isolated
from clinical mastitis. Qu et al. (2019) reported that 95% of isolates carried the -lactamase gene blazZ, while
16% harboured mecA. Tetracycline resistance genes (tetM, tetK) and macrolide resistance determinants (ermT)
were also prevalent. Notably, non-aureus staphylococci (NAS) displayed even higher resistance gene
frequencies, acting as potential reservoirs for multidrug resistance. The molecular epidemiology revealed the
dissemination of specific random amplification of polymorphic DNA (RAPD) types within herds, suggesting
clonal spread and udder adaptation of successful genotypes (Qu et al., 2019).

In New Zealand’s pasture-based dairy system, Greening et al. (2021) found a distinct population structure
dominated by ST-1 (61.4%), a lineage often associated with human infections but now prevalent in bovine
mastitis. AMR gene prevalence was low, with blaZ detected in only 33% of isolates and a single ST-5 isolate
carrying mecA. Phenotypic resistance to penicillin was observed in 36% of isolates, but no clear association was
found between dry cow therapy regimens and AMR gene carriage. Interestingly, virulence gene profiles varied
considerably, with staphylococcal enterotoxin genes present in 70.2% of isolates, yet human-associated
virulence factors such as Panton—Valentine leukocidin (PVL) were largely absent (Greening et al., 2021).

Together, these studies underscore the geographic and management-driven variability in the molecular ecology
of dairy-associated S. aureus. While US and New Zealand populations show lower AMR gene prevalence—
possibly reflecting more conservative antimicrobial use—Chinese herds face significant multidrug resistance
challenges. The persistence of specific clonal complexes (e.g., CC97, ST-1) across regions highlights the
successful adaptation of certain lineages to the bovine mammary niche. Furthermore, the widespread carriage of
enterotoxin and other virulence genes across all regions emphasises the ongoing zoonotic and food safety risks,
independent of AMR status. Continued genomic surveillance is essential to track the evolution of these
populations, understand drivers of resistance, and inform targeted mastitis control and antimicrobial stewardship
strategies in dairy production worldwide.

Mechanisms of AMR in Dairy-Associated Staphylococcus aureus

Staphylococcus aureus is a significant foodborne pathogen commonly isolated from raw milk and dairy products,
posing a substantial public health risk due to its ability to acquire and disseminate antimicrobial resistance
(AMR) (Jamali et al., 2015). The mechanisms underlying AMR in dairy-associated S. aureus are multifaceted,
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involving both intrinsic and acquired genetic determinants that enable survival against commonly used
antibiotics in veterinary and human medicine.

One of the primary mechanisms of resistance in dairy S. aureus is the production of -lactamases, enzymes that
hydrolyze B-lactam antibiotics such as penicillin. This resistance is frequently encoded by the blaZ gene, often
found on mobile genetic elements like plasmids and transposons (Mlynarczyk-Bonikowska et al., 2022). In a
study of raw milk and traditional dairy products in Iran, the blaZ gene was detected in 46% of S. aureus isolates,
correlating with high phenotypic resistance to penicillin G (47.3%) (Jamali et al., 2015). More critically,
methicillin resistance, mediated by the mecA gene (or its homolog mecC), leads to the production of an altered
penicillin-binding protein (PBP2a) with low affinity for nearly all B-lactams (Mlynarczyk-Bonikowska et al.,
2022). These genes are housed within staphylococcal cassette chromosome mec (SCCmec) elements, which can
be transferred between strains. In dairy samples, methicillin-resistant S. aureus (MRSA) prevalence has been
reported, with 16.2% of isolates in one study showing oxacillin resistance, all confirmed to carry the mecA gene
(Jamali et al., 2015).

Resistance to tetracyclines, frequently used in animal husbandry, is also prevalent in dairy S. aureus. The primary
mechanisms include active efflux of the drug, mediated by genes such as tet(K) and tet(L), and ribosomal
protection, mediated by tet(M) (Mlynarczyk-Bonikowska et al., 2022). Jamali et al. (2015) found that 56.1% of
dairy isolates were resistant to tetracycline, with the tetM gene being the most common (34.8%), often found in
combination with tetK or tetL. This high prevalence is likely driven by the widespread use of tetracyclines for
disease treatment and growth promotion in dairy farms, selecting for resistant strains that enter the food chain
via raw milk.

Resistance to aminoglycosides (e.g., gentamicin, kanamycin) in dairy S. aureus is commonly due to enzymatic
modification of the drug. The bifunctional aminoglycoside-modifying enzyme AAC(6')-1e/APH(2")-la, encoded
by the aacA-aphD gene, confers resistance to gentamicin and tobramycin (Mlynarczyk-Bonikowska et al.,
2022). All gentamicin-resistant isolates in the study by Jamali et al. (2015) carried this gene. Similarly, resistance
to macrolides (e.g., erythromycin) and lincosamides (e.g., clindamycin) is often due to rRNA methylation by
Erm methylases (e.g., ErmA, ErmC) or drug efflux pumps (Mlynarczyk-Bonikowska et al., 2022). Inducible
clindamycin resistance, detectable by the D-test, was observed in 44% of erythromycin-resistant, clindamycin-
susceptible isolates, highlighting the importance of accurate phenotypic testing to avoid therapeutic failure
(Jamali et al., 2015).

The emergence of multidrug-resistant (MDR) S. aureus in dairy products is a major concern. These strains
accumulate multiple resistance genes on plasmids, transposons, or SCCmec cassettes, leading to co-resistance
to several antibiotic classes (Mlynarczyk-Bonikowska et al., 2022). Jamali et al. (2015) reported that 12.8% of S.
aureus isolates from milk and dairy products were resistant to more than two antimicrobial classes. The genetic
plasticity of S. aureus, facilitated by mobile genetic elements, allows for the rapid horizontal transfer of
resistance genes not only within the species but also between different bacterial genera present in the farm
environment (Mlynarczyk-Bonikowska et al., 2022).

Transmission Dynamics at the One Health Interface of AMR

The global rise of antimicrobial resistance (AMR) is a typical One Health challenge, intricately linking human,
animal, and environmental health. Dairy production systems, where humans and animals interact closely, serve
as critical interfaces for the bidirectional transmission of pathogens like Staphylococcus aureus and their
associated resistance genes, a risk elevated by the increasing intensification of farming and routine antimicrobial
use (Mengistu et al., 2024; Roy et al., 2024). The transmission dynamics are complex and multifactorial,
operating at the intersection of all three One Health spheres. The primary cycle involves infected cattle, often
with mastitis, shedding S. aureus into milk and contaminating the farm environment, including equipment and
housing. Workers then become colonized through direct contact during milking and can subsequently transfer
bacteria back to animals or further contaminate equipment, perpetuating a continuous infection cycle. This is
evidenced by a meta-analysis in Ethiopian dairy systems which found a pooled S. aureus prevalence of 22%
across workers, animals, and equipment, with nearly equal contamination levels among these categories
(Mengistu et al., 2024).
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This transmission is fundamentally bidirectional. Zoonotic spillover from cattle to humans is well-documented,
primarily through direct contact and contaminated dairy products. Molecular studies provide strong evidence,
such as the identification of genetically indistinguishable S. aureus strains belonging to the common bovine
lineage CC97 in both bovine mastitis milk and the nasal swabs of farm personnel in South Africa (Schmidt et
al., 2017). Conversely, transmission is not unidirectional, as human-adapted clones can also spill over into cattle
populations. The same South African study identified a strain of sequence type ST8—a lineage frequently
associated with humans—that was genetically identical in a mastitic cow and a human nasal swab from the same
farm, indicating that human-origin clones can transfer, adapt, and cause disease in livestock (Schmidt et al.,
2017). A critical driver of these dynamics is the antimicrobial selection pressure in veterinary medicine, which
promotes resistance. For instance, in Ethiopian smallholder systems, S. aureus isolates exhibited 100%
resistance to beta-lactam antibiotics like ampicillin and penicillin, reflecting their common use for mastitis
treatment (Marami et al., 2022). The genomic plasticity of S. aureus, facilitated by mobile genetic elements like
plasmids and SCCmec, enables the horizontal transfer of these resistance genes not only among staphylococci
but also across different bacterial species within the farm ecosystem, amplifying the overall resistance pool
(Elbehiry & Marzouk, 2025).

The environment itself acts as a major reservoir and transmission bridge, a role often underestimated. S.
aureus and associated resistance genes can be disseminated through farm wastewater, manure, and bioaerosols,
contaminating soil and water systems where genetic exchange can occur (Ibekwe et al., 2023). The significance
of this environmental compartment is highlighted by research from Bangladesh, which reported the highest
MRSA prevalence in environmental samples (19.3%), with phylogenetic analysis revealing high genetic
similarity among isolates from cows, humans, and the farm environment, suggesting clonal transmission across
this interface (Roy et al., 2024). Furthermore, raw milk and unpasteurized dairy products contaminated with S.
aureus, including enterotoxigenic and multidrug-resistant strains, represent a direct foodborne transmission route
to consumers, posing risks of both acute intoxication and long-term resistance gene dissemination (Silva et al.,
2023).

Regional studies illustrate how local context shapes these transmission dynamics. In a high-prevalence setting
like Bangladesh, MRSA shows strong genetic links across cows, humans, and the environment, pointing to active
zoonotic spillover mediated by environmental contamination (Roy et al., 2024). In contrast, research from New
Zealand, where antimicrobial use is more regulated and MRSA is uncommon, found that S. aureus transmission
remained mostly within species, largely confined to animals within the same management unit. However, even
in this low-prevalence setting, the detection of an extended-spectrum beta-lactamase gene (blaTEM-116) in a
bovine isolate indicates an underlying risk of emerging resistance (Straub et al., 2024). In conclusion, curbing
the spread of AMR S. aureus in dairy systems requires integrated One Health strategies that acknowledge its
interconnected transmission web. Effective interventions must include improving on-farm hygiene and
biosecurity to break direct contact cycles, enforcing prudent antimicrobial use to reduce selection pressure,
ensuring the pasteurization of dairy products to sever the foodborne route, and implementing coordinated
molecular surveillance across human, animal, and environmental compartments to track transmission pathways
and inform targeted measures.

Public health Implications of AMR of S. aureus in Dairy

The emergence and spread of antimicrobial-resistant (AMR) Staphylococcus aureus, particularly methicillin-
resistant S. aureus (MRSA) and multidrug-resistant (MDR) strains, within the dairy production chain pose a
significant and escalating threat to global public health (Badawy et al., 2022; Algammal et al., 2020). This threat
operates through two primary, interconnected routes: foodborne transmission and zoonotic occupational
exposure.

The consumption of contaminated raw milk or inadequately processed dairy products serves as a direct conduit
for resistant and virulent strains into the human food supply (Normanno et al., 2007; Paramasivam et al., 2023).
Studies from diverse regions, including Egypt, South Africa, India, and Ethiopia, consistently document a high
prevalence of enterotoxigenic and MRSA strains in these products (Badawy et al., 2022; Akindolire et al., 2015;
Bharathy et al., 2015; Geletu et al., 2022). For instance, research in Egypt found 80% of S. aureus isolates from
cheese were enterotoxigenic, with 60% carrying the mecA gene (Badawy et al., 2022), while studies in Ethiopia
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reported MDR rates as high as 98.4% in farm isolates (Geletu et al., 2022). This is particularly concerning given
S. aureus’s ability to cause staphylococcal food poisoning via heat-stable enterotoxins (Hennekinne et al., 2012).

Simultaneously, the dairy farm environment acts as an ecological amplifier for AMR. Dairy cattle, especially
those with mastitis, are reservoirs, and resistant bacteria can spread to farmers, milkers, and veterinarians through
direct contact with animals or contaminated environments (Algammal et al., 2020; Phiri et al., 2022). Molecular
evidence from Zambia confirms strain transmission between milkers and milk, with some isolates carrying
virulence genes like PVL associated with severe human infections (Phiri et al., 2022).

The driver of this crisis is the widespread misuse and overuse of antimicrobials in dairy farming for therapy,
prophylaxis (e.g., blanket dry cow therapy), and growth promotion, which exerts powerful selective pressure
(Silbergeld et al., 2008; Paramasivam et al., 2023). Common practices like self-administration by farmers and
disregard for withdrawal periods, as noted in Ethiopia, exacerbate the problem (Geletu et al., 2022). This selects
for MDR strains with resistance to critical drugs like beta-lactams, macrolides, fluoroquinolones, and even last-
resort options like vancomycin (Algammal et al., 2020; Paramasivam et al., 2023).

The public health consequences are severe. Infections caused by livestock-associated MRSA and MDR
S. aureus are more challenging to treat, leading to higher treatment costs, longer hospital stays, increased
morbidity, and greater mortality (Cosgrove, 2006). This creates a substantial economic burden and represents a
quintessential "One Health" crisis where agricultural practices directly impact human medicine (Haag et al.,
2019).

Mitigating this threat requires a coordinated, multifaceted approach. Key interventions include: implementing
strict hygiene and biosecurity protocols throughout the production chain; promoting antimicrobial stewardship
and judicious use in veterinary practice; enforcing regulations on antibiotic use and milk quality; enhancing
surveillance of AMR in animals, food, and humans; and educating consumers on the risks of raw milk and the
importance of pasteurization (Badawy et al., 2022; Algammal et al., 2020; Geletu et al., 2022). Addressing AMR
in dairy-derived S. aureus is therefore a critical imperative for safeguarding public health.

Integrated Strategies for the Mitigation and Control of Staphylococcus aureus Antimicrobial Resistance
in Dairy Production

The emergence and dissemination of antimicrobial-resistant (AMR) Staphylococcus aureus, particularly
methicillin-resistant strains (MRSA), in dairy cattle represents a significant One Health challenge, jeopardizing
animal welfare, farm productivity, and public health (Gogoi-Tiwari et al., 2020; Rollin et al., 2015). Effective
mitigation requires a multifaceted, integrated strategy that prioritizes prevention, reduces antimicrobial use
(AMU), and employs targeted control measures. A foundational pillar is the rigorous implementation of
biosecure herd management and milking hygiene, as the primary route of transmission is from cow to cow during
milking (Petersson-Wolfe et al., 2010). Practices such as milkers wearing gloves, systematic pre- and post-
milking teat disinfection, and maintaining optimal teat-end condition are strongly associated with reduced
incidence, acquisition, and herd prevalence of S. aureus intramammary infections (IMlIs) (Dufour et al., 2012).
Crucially, the identification and culling of chronically infected animals, which act as persistent reservoirs, is also
recommended to break the transmission cycle (Vanderhaeghen et al., 2015).

Concurrent with improved management is the imperative of antimicrobial stewardship (AMS), mandating the
prudent and judicious use of antibiotics. This involves a shift from empirical therapy to a culture and
susceptibility-guided treatment approach, given the highly variable antibiotic susceptibility patterns of S.
aureus (Agib et al., 2018). The use of narrow-spectrum beta-lactamase-stable penicillins is favoured over
critically important antimicrobials (CIAs) for susceptible infections (WOAH, 2023). Furthermore, the strategic
use of dry cow therapy (DCT) should transition from blanket administration to a selective approach based on
individual cow somatic cell count history and culture results, thereby minimizing unnecessary antibiotic
exposure during the dry period (Ruegg, 2017; Dufour et al., 2012).

Given the challenges of antibiotic resistance, significant research has focused on developing alternative and
adjunctive therapies. Plant-derived phenolic compounds, such as extracts from Eucalyptus globulus, show
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promising antibacterial activity against mastitis-derived S. aureus strains (Gomes et al., 2018). Similarly,
innovations like bacteriophages, nanoparticles, and lysostaphin offer pathogen-specific lytic activity and biofilm
disruption, presenting targeted non-antibiotic tools (Aqib et al., 2018; Cardoso et al., 2019; Fan et al., 2016).
The use of probiotics (e.g., Lacticaseibacillus casei) to competitively exclude pathogens and modulate the local
immune response also represents a valuable preventive strategy (Aqib et al., 2018; Rainard & Foucras, 2018).

Vaccination remains a critical proactive strategy for primary prevention, though developing an effective vaccine
has proven challenging due to the pathogen's complex virulence factors. Research continues to focus on targets
such as surface proteins, toxins, and biofilm components, with some commercial and autogenous vaccines
showing promise in reducing the rate of new IMls and clinical severity (Aqib et al., 2018; Pereira et al., 2011,
Coté-Gravel & Malouin, 2019). Finally, comprehensive herd management which includes regular monitoring,
economic assessments that factor in the hidden costs of mastitis, and education for all stakeholders is vital for
the sustainable adoption of these integrated measures and the long-term control of AMR in dairy-associated S.
aureus (Hagnestam-Nielsen & @stergaard, 2009; Seegers et al., 2003).

CONCLUSION

The global challenge of antimicrobial resistance (AMR) in dairy-related Staphylococcus aureus is marked by
the widespread distribution of resistant strains, with regional variations shaped by local practices. The evidence
presented demonstrates a clear and present danger: the convergence of multidrug resistance (MDR), methicillin
resistance (MRSA), and a suite of potent virulence genes in dairy-derived strains creates a significant One Health
threat. This threat is amplified by the bidirectional transmission of pathogens and resistance genes between
animals and humans, facilitated by occupational contact, environmental contamination, and the consumption of
unpasteurized dairy products. The routine use of antibiotics in livestock exerts a powerful selective pressure,
driving the evolution and persistence of resistant clones, while the genetic plasticity of S. aureus ensures the
rapid dissemination of resistance determinants. Addressing this escalating crisis requires an integrated, One
Health approach that acknowledges the inseparable links between animal health, human health, and
environmental integrity. Coordinated actions across veterinary, agricultural, and public health sectors are
essential. Key interventions must include the promotion of stringent antimicrobial stewardship and judicious use
in veterinary practice, the rigorous implementation of biosecure herd management and milking hygiene to break
transmission cycles, and the enforcement of food safety regulations, particularly regarding pasteurization.
Furthermore, enhancing and harmonizing surveillance systems to track resistance trends and strain movement,
alongside supporting molecular research to understand resistance gene flow, is critical for informed policy-
making. The development and adoption of alternative therapies, such as vaccines, bacteriophages, and
phytochemicals, offer promising avenues to reduce reliance on conventional antibiotics. Without such sustained
and coordinated efforts, the continued spread of multidrug-resistant S. aureus will persistently jeopardize animal
welfare, dairy industry sustainability, and public health security worldwide.
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