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ABSTRACT 

	Methicillin-resistant Staphylococcus aureus (MRSA) is no longer simply a hospital problem; it has spread to communities, animals, and even the environment, posing a significant public health risk.  Its capacity to resist common antibiotics stems from the acquisition of resistance genes, which enable it to thrive in a variety of environments.  Wildlife plays an unanticipated role in this cycle, serving as a secret reservoir for MRSA and facilitating its transmission across animals, livestock, and humans.  At the same time, the extensive use of antibiotics in agriculture has exacerbated the situation, making it more difficult to manage MRSA in food production and beyond.  With antibiotic resistance on the rise, researchers are turning to alternative treatments for MRSA infections, such as plant-based antimicrobials. Understanding how MRSA evolves, spreads, and protects itself, including biofilm formation and genetic adaptability, is critical for designing more effective treatments.  This review uses a One Health approach, examining the larger picture of how human, animal, and environmental health are linked.  It also emphasises the need for greater surveillance programs, coordination among scientists and healthcare workers, and smarter policies to restrict the spread of MRSA and minimise our reliance on antibiotics. The fight against MRSA and its resistance mechanisms requires a multipronged approach whereby a view on proper use of antibiotics, global surveillance, and funding for alternatives will play a key role. One of the notable alternatives to combat MRSA resistivity, are plant metabolites (bioactive compounds), as they have been found to be promising candidates for antimicrobial agents, and they have shown to work synergistically with conventional antibiotics. Natural products could increase the efficacy of treating infections while simultaneously reducing the dependence on synthetic antibiotics.
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1. INTRODUCTION 

Staphylococcus aureus (SA) is a Gram-positive opportunistic bacterium that commonly colonizes the mouth, nasal passages, and skin of healthy individuals. This can lead to a variety of local and invasive problems, ranging from superficial skin infections to life-threatening pneumonia and bacillus infections. Staphylococcus aureus infections have been occurring in humans since ancient times (Abdelgader et al., 2024; Osiyemi et al., 2018). Methicillin-Resistant Staphylococcus aureus (MRSA) is defined as any strain of S. aureus that has evolved (natural selection) or acquired (horizontal gene transfer) multiple drug resistance to beta-lactam antibiotics.  Beta-lactam antibiotics have a broad range and include penicillin derivatives like methicillin and oxacillin, as well as cephalosporins [1]. Pathogenic strains of S. aureus can cause several infections, from mild infections to fatal conditions like bloodstream infections and pneumonia (Abebe & Birhanu, 2023). Strains that are susceptible to these medications are known as methicillin-susceptible S. aureus, or MSSA [2,11]. One of the greatest medical advancements in the treatment of infectious disorders brought on by infectious bacteria is the antibiotic development. Before discovery of antibiotics, the mortality and lethality brought on by infectious bacteria was significant (Alghamdi et al., 2023; Hutchings et al., 2019).
With the discovery of penicillin, it revealed itself to be highly effective against S. aureus, making it a "wonder drug" for treating infections [3]. 
For decades, methicillin-resistant Staphylococcus aureus (MRSA) was regarded as the prototype of multi-resistant nosocomial pathogens, producing infections in high-risk patients [4].
The initial strains of meticillin-resistant Staphylococcus aureus (MRSA) emerged in the early 1960s with the advent of semisynthetic penicillins like methicillin, which are resistant to staphylococcal β-lactamases [5]. Methicillin-resistant Staphylococcus aureus (MRSA) is classed as an alert pathogen, which causes human illnesses (including hospital-acquired infections) and mortality. Infections with methicillin-resistant Staphylococcus aureus in humans result in longer hospital stays and higher fatality rates [4]. 
Antimicrobial resistance is a global public health issue that must be addressed by health officials worldwide. According to estimates from the European Union/European Economic Area, antimicrobial-resistant bacteria cause about 670,000 illnesses annually, resulting in around 33,000 fatalities [6].
Initially, MRSA infections were predominantly associated with the hospital environment, occurring mostly in hospitalised patients or patients who attended that environment. Therefore, during the 1960s−1970s, they were called HA-MRSA [7].
However, in the late 1990s, MRSA infections began to appear in the community in people with no contact with the hospital environment and were therefore called CA-MRSA [8]. These MRSA strains (HA-MRSA and CA-MRSA) belong to different genetic lineages and have certain peculiarities. HA-MRSA bacteria are more resistant to a variety of medications and have greater Staphylococcal Cassette Chromosome mec (SCCmec) types I, II, and III. In contrast, CA-MRSA strains frequently feature smaller SCCmec components, mainly kinds IV and V, and are less resistant [9,10]. However, these strains appear to be more virulent due to the development of virulence factors that boost their pathogenic potential, as one of the most common etiological agents of skin and soft tissue infections (Liu et al., 2016). HA-MRSA are nosocomial and occur from wounds of infected patients, catheters and protracted hospitalisation, but also from the skin of healthy carriers [8]. In recent years, several MRSA strains have been discovered from different animal species, mainly pigs, in many countries and were named livestock-associated MRSA (LA-MRSA) (Akililu and Chia, 2020).
However, in the majority of cases, MRSA colonised the animal host without causing symptoms.  The genetic lineage clonal complex (CC) 398 accounts for the majority of LA-MRSA.  Strains from the same genetic ancestry have been discovered in individuals who have direct contact with cattle (Stone et al., 2022).
According to WHO (2023 (b)), One Health is a strategy for improving the health of humans, animals, and ecosystems by combining these sectors rather than maintaining them distinct. Animals, both wild and domestic, account for around 60% of all new infectious illnesses recorded globally (Egwuatu et al. 2024). It addresses various health issues, including antimicrobial resistance (AMR), zoonotic diseases, vector-borne diseases, food safety and foodborne diseases, and environmental health. AMR occurs when germs can defeat drugs designed to kill them, while vector-borne diseases affect people bitten by mosquitoes, ticks, lice, and fleas. Food safety and foodborne diseases occur at various stages of food production, delivery, and consumption, while environmental health issues like water pollution and climate change are addressed (WHO, 2023).
MRSA spreads mostly through personal contact with the source.  MRSA lineages are distinguished by their capacity to spread to several host species, including people and animals (Shoaib et al., 2023) HA-MRSA is generally obtained from hospital environments such as contaminated tools, bedding, doors, and equipment, whereas CA-MRSA is primarily acquired by personal contact with an infected or healthy person, since S. aureus is a commensal bacterium found in the nares of healthy people.  LA-MRSA can be transmitted to people through personal contact with animals and the environment (Pantosti, 2012).
A number of risk factors also play a significant role in the spread of CA-MRSA and HA-MRSA infections. Important risk variables for cellulitis were overweight, the existence of abscesses, and head-and-neck sores relative to infections produced by other microorganisms, according to an analysis of individuals with the condition (Shoaib et al., 2023). The presence of abscesses and obesity were additional major risk factor for MRSA dermatitis (Khawcharoenporn et al., 2010). Another research by Wang et al. (2009) compared MRSA and methicillin-susceptible S. aureus. MSSA, patients need to identify risk factors for colonisation. Significant factors include family involvement under seven, smoking, and previous antibiotic use. Age, gender, marital status, chronic illness, education, daily showering, and family income were not significant. MRSA transmission from companion animals to people has also been well-established in much research. For example, a study done in the United States and Canada revealed a 18% carriage rate of MRSA among companion animal owners (Fairies et al., 2009). According to a study by Seguin et al. (1999), it revealed that the isolates from horses and humans are remarkably similar and appear to have originated from the same source.  According to the pattern linked with the virus, a unique mode of transmission was still unclear, but it was considered that the main cause of the infection was the staff of the veterinary hospital. 

2. Wildlife and Zoonotic Transmission of MRSA
2.1 Wildlife Reservoirs of MRSA and Their Role in Transmission to Humans and Domestic Animals
While the function of wildlife as a reservoir for MRSA colonisation and infection is unknown, investigations have shown MRSA isolated in captive wildlife animals (Loncaric et al., 2014). 
According to Grema et al. (2015), as MRSA colonisation continues to spread into wildlife, managing the disease in humans and domesticated animals will present new challenges. Wild animals may act as reservoirs, facilitating transmission to both animals and humans, especially park rangers and zookeepers, while also contributing to environmental contamination.
TABLE 1: THE PREVALENCE OF MRSA IN ANIMALS
	SPECIES
	PREVALENCE
	REFERENCE

	Calves
	88%
	Graveland et al., 2010

	Pigs
	52%
	Alt et al., 2011

	Cows 
	5%
	Vandendriessche et al., 2013

	Broilers
	5%
	Grema et al., 2015

	Elephant
	100%
	Leggiadro, 2009

	Dogs
	62.7
	Grema et al., 2015

	Cats and Horses
	46.4 & 41.3
	Vincze et al., 2014

	Tilapia (Fish)
	50%
	Soliman et al., 2014



Pets like dogs, cats, and horses have become integral members of many families, increasing the likelihood of MRSA colonization or infection spreading from these animals to humans (Mustapha et al., 2014). 
MRSA primarily manifests as skin and soft tissue infections. In the UK, most hospital-isolated MRSA strains belong to EMRSA-15 (ST22) and EMRSA-16 (ST36) (Ellington et al., 2010). In contrast, USA100 (ST5) is the predominant strain found in American pets and is linked to HA-MRSA infections in humans (Grema et al., 2015). Additionally, research in the UK identified MRSA clone ST398 in dogs and horses, a strain typically associated with livestock (Loeffler et al., 2009).
Studies have documented MRSA colonisation in horses, with reported prevalence rates ranging from 0 to 11% (Loeffler et al., 2011). Many MRSA cases and outbreaks have been observed in large stables and in cases involving post-operative complications (Grema et al., 2015; Morgan, 2008). Additionally, the MRSA strains identified in horses differ from those commonly found in humans.
2.2 zoonotic transmission of pathways of MRSA 
The movement of animals across various habitats and their interactions with other livestock, wildlife, and humans can facilitate bacterial transmission. Such contact significantly raises the likelihood of MRSA colonisation, with both animals and humans being at risk of acquiring infections (Penna et al., 2021). Antimicrobial-resistant bacteria are typically spread through human-related activities. Key sources include domestic wastewater discharge, industrial sanitary waste, and agricultural runoff. These sources are believed to be significant contributors to the transmission of AMR bacteria to wildlife (Akhtar et al., 2023; Rousham et al., 2018).
ZOONOSIS THROUGH CONTACT 
For many farmers, MRSA colonisation persisted even after they temporarily ceased contact with animals, such as during holidays. In contrast, other individuals residing on contaminated farms, such as household members, exhibited a lower colonisation rate of approximately 4%–5% (Akhtar et al., 2023). 
ZOONOSIS OF LA-MRSA TO HUMANS
Initially, the spread of MRSA infections in food-producing and companion animals was believed to be slow. However, it has now emerged as a significant concern for both food animals and the food industry. LA-MRSA is a major contributor to mastitis in cows and buffaloes, leading to reduced or completely halted milk production (Javed et al., 2021). LA-MRSA also contributes to infections in poultry, including comb necrosis, chondronecrosis, and septic conditions. Nearly all companion animals, such as dogs, cats, and horses, can serve as potential sources of LA-MRSA transmission to humans through direct or indirect contact. Additionally, LA-MRSA colonisation has been documented in various wild animals, including foxes, roe deer, rabbits, wild boars, and birds such as pigeons, pheasants, ducks, buzzards, gulls, and rooks (Shoaib et al., 2022).
It can be reasonably concluded that the risk of MRSA infection in humans increases in areas with high colonisation, as the bacteria can be inhaled (Bos et al., 2016). Studies on MRSA-positive stables have shown that nasal colonisation in humans occurs in 77%–86% of cases (Akhtar et al., 2023). The development of these colonies appears to be influenced by the duration of exposure to the bacteria and the level of contact with infected animals (Graveland et al., 2011). 
The high transmissibility of MRSA genes is attributed to the widespread presence of S. aureus, making its control and eradication significantly challenging. The rapid global spread of MRSA has become a major concern for public health authorities (Akhtar et al., 2023).
The transmission of LA-MRSA from pets to their human owners highlights the importance of maintaining proper hygiene in daily routines (Idelevich et al., 2016). However, cases of human-to-human transmission are relatively low when compared to zoonotic transmission. 

3.0 MRSA in Livestock and Antibiotic Use in Animal Husbandry
3.1 MRSA in Livestock and Poultry Farming, Its Prevalence in Industry and Small-Scale Farms
Methicillin-resistant Staphylococcus aureus (MRSA) has become a major public health concern, especially in cattle and poultry farming. The frequency of MRSA in various areas varies greatly depending on farming practices, biosecurity measures, and antibiotic use. According to studies, MRSA is ubiquitous in pigs, cattle, and poultry, with livestock-associated MRSA (LA-MRSA) strains, particularly ST398, being prominent in pig husbandry (van Loo et al., 2007; Köck et al., 2010).
In industrial farming settings, MRSA prevalence can be notably high due to the intensive nature of production and the frequent use of antibiotics. For instance, a study conducted in the Netherlands reported that approximately 50% of pig farms tested positive for MRSA (Wulf et al., 2006). In contrast, small-scale farms often exhibit lower prevalence rates, although they are not immune. Researchharbour MRSA, especially when biosecurity measures are lax or when animals are sourced from larger industrial farms (Brouwer et al., 2010).
Research conducted in Nigeria revealed that MRSA prevalence in poultry farms ranged from 7.9% to 37.5%, while in cattle, it ranged from 3.21% to 29% (Gaddafi et al., 2025). Similarly, LA-MRSA has been identified in pigs, with prevalence rates as high as 53.9% in some regions (Gaddafi et al., 2025). The prevalence of MRSA is influenced by factors such as farm management practices, hygiene standards, and the density of animal populations (Silva et al., 2023).
The prevalence of MRSA in livestock and poultry farming underscores the need for ongoing surveillance and effective management strategies to mitigate the risks associated with this pathogen.
3.2 The Role of Antibiotic Use in Animal Husbandry in Driving Resistance Development
The use of antibiotics in animal husbandry is a key factor contributing to the development and spread of antibiotic-resistant bacteria, including MRSA. Antibiotics are often administered to livestock not only for therapeutic purposes but also for growth promotion and disease prevention, creating selective pressure that favours the survival of resistant strains (Landers et al., 2012).
Research shows a direct link between antibiotic use in cattle and the spread of MRSA. Graveland et al. (2010) discovered that the incidence of MRSA in veal calf farms was related to antimicrobial use, indicating how antibiotic exposure contributes to resistance development. Furthermore, antibiotic abuse and misuse can contaminate the food supply and the environment, making resistant strains more likely to spread to humans (O'Brien et al., 2019).
Antibiotics are widely used in livestock for growth promotion, disease prevention, and treatment, putting selective pressure on the evolution of resistant bacterial strains (Sazykin et al., 2021). Resistance genes can spread from animals to people via direct contact, environmental mechanisms, or the food chain (Guo et al., 2021). The World Health Organisation has stressed the importance of reducing antibiotic use in healthy animals in order to prevent resistance from spreading (WHO, 2017).
Addressing antibiotic use in the livestock industry is critical to decreasing MRSA and other antibiotic-resistant diseases. Implementing stronger antibiotic use laws and fostering appropriate practices are critical measures toward minimising this public health threat.
3.3 Strategies for Reducing MRSA in Livestock, Including Probiotic Treatments and Antibiotic Alternatives
To address the increased frequency of MRSA in livestock, a variety of measures have been recommended, including the use of probiotics and antibiotic alternatives. Probiotics, which are live microorganisms that provide health benefits to the host, have shown promise in improving gut health and lowering the colonisation of harmful bacteria like MRSA. According to research, giving probiotics to cattle can enhance overall health and lower infection rates, potentially reducing the need for antibiotics (Khan et al., 2015).
In addition to probiotics, alternative treatments such as phytochemicals, essential oils, and bacteriophages are being explored as viable options for reducing MRSA in livestock. For example, studies have demonstrated that certain essential oils possess antimicrobial properties capable of inhibiting MRSA growth (Hassan et al., 2018). Furthermore, bacteriophage therapy, which utilises viruses that specifically target bacteria, has shown potential in reducing bacterial loads in livestock without contributing to antibiotic resistance (Abedon et al., 2011).
Probiotic treatments have shown promise in enhancing gut health and reducing the colonisation of pathogenic bacteria, including MRSA (Crespo-Piazuelo and Lawlor, 2021). Additionally, the use of prebiotics, bacteria, and essential oils as alternatives to antibiotics is gaining traction. Improved farm management practices, such as enhanced biosecurity measures and regular monitoring of antimicrobial resistance, are also critical (Fetsch et al., 2021). Furthermore, the adoption of One Health approaches that integrate human, animal, and environmental health perspectives is essential for sustainable solutions (Fetsch et al., 2021; Ezeako et al., 2024).
Implementing these strategies requires a multifaceted approach, including educating farmers on the benefits of alternative treatments, investing in research to identify effective probiotic strains and phytochemicals, and establishing guidelines for their use in livestock production.

4. PLANT-BASED STRATEGIES FOR MRSA CONTROL
The rise of MRSA today has created a need for alternative antimicrobial strategies, among which are plant-based solutions, which hold great promise (Li et al., 2023). Medicinal plants synthesise various antibacterial bioactive compounds, including alkaloids, together with flavonoids, terpenoids and tannins alongside polyphenols (Bouyahya et al., 2022). The antibacterial compounds extracted from plants utilise different mechanisms for their effects, such as preventing bacterial cell wall synthesis, but also disrupt quorum sensing communication and breaking down biofilm structures (Arip et al., 2022; Silva et al., 2023). Green tea product Camellia sinensis generates its antibacterial compound epigallocatechin gallate (EGCG), which blocks bacterial adhesion and biofilm growth processes, thus decreasing MRSA survival in human tissues (Steinmann et al.,2013; Liu et al., 2021; Shedafa et al., 2023).  The growth of MRSA is intensively curtailed as influenced by berberine alkaloids of Berberis vulgaris, affecting the bacterial efflux-pump system and also interfering with DNA replication (Stermitz et al., 2000; Laudadio et al., 2019; Inoue et al., 2021). Terpenoids like thymol and carvacrol from Thymus vulgaris and Origanum vulgare can kill the bacteria by compromising the integrity of MRSA cell membranes, causing cell death (Kachur & Suntres, 2020; Netopilova et al., 2021).
Further potentiation in MRSA control comes from polyphenols of Punica granatum (pomegranate) and Curcuma longa (turmeric) that can bring interference in some essential metabolic processes by bacterial enzymes (Lee et al., 2019; Kirmani et al., 2024). Not only do such antimicrobials have direct antibacterial effects, but they also show synergy with conventional antibiotics that attenuate MIC for bacterial killing (Álvarez-Martínez et al., 2022). Several factors are yet to be overcome in optimising the bioactive compounds for therapeutics, including bioavailability, stability, and evidential cytotoxicity (Bazana et al., 2019).
Biotechnology offers various avenues, such as the development of nanocarrier systems and genetic engineering of medicinal plants, to effectively improve the scope and output of plant-based antimicrobial therapies. According to Elkelish (2024), nanocarrier systems enhance the solubility, stability, and targeted delivery of plant-derived antimicrobials to improve their pharmacokinetics and efficacy against multidrug-resistant (MDR) pathogens. Also, efforts at genetic engineering for enhanced biosynthesis of bioactive compounds in medicinal plants are yielding high antimicrobial potency and consistency (Yembaturova & Cheryatova, 2023; Elkelish, 2024). While these biotechnological advancements provide lasting solutions, the study does underline challenges, such as regulatory hurdles, safety issues, and environmental concerns.
4.1   	Potential of Plant-Derived Antimicrobials in Combating MRSA Infections
MRSA are indeed an intractable issue in the healthcare sector and in the community (Abdel-Raheem et al., 2023). Therefore, alternative means have been investigated beyond conventional antibiotics. Antimicrobials derived from plants have attained serious attention mainly due to their broad-spectrum activity against microbes, which serve as alternative avenues for drug development to combat resistance mechanisms. The bioactive compounds from plants target MRSA by blocking peptidoglycan synthesis while disrupting quorum sensing and interrupting biofilm formation, according to Arip et al. (2022). The essential oils obtained from Origanum vulgare (oregano) and Thymus vulgaris (thyme), containing high concentrations of carvacrol and thymol, effectively target MRSA by damaging bacterial membranes while also decreasing gene expression of virulence factors (Okwu et al., 2019; Netopilova et al., 2021).
The complex actions of plant secondary metabolites that fight bacteria present barriers for MRSA to become immune to them, unlike synthetic antibiotics. For example, quercetin and kaempferol interfere with bacterial DNA gyrase, inhibiting replication of the antagonists, whereas tannins inhibit MRSA adhesion to the host cells (Nguyen & Bhattacharya, 2022). Moreover, phenolic acids from these medicinal plants, such as rosmarinic acid from Rosmarinus officinalis, possess strong antimicrobial properties by blocking oxidative stress pathways in bacteria (Kernou et al., 2023).
This aspect of the research on plant antimicrobials has been directed towards enhancing the extraction and formulation techniques of such antimicrobials for application against MRSA. Recent advancements in the green synthesis of silver nanoparticles using plant extracts have shown enhanced bactericidal activities, hence paving an avenue for therapeutics based on natural products (Karnwal et al., 2024). Here are some plants with effective antimicrobial action that may be used in the treatment of MRSA.
Table 2: Some Plant-Derived Secondary Metabolites and Their Mechanisms of MRSA Inhibition
	PLANT SPECIES
	ACTIVE COMPOUNDS
	MECHANISM OF ACTION
	REFERENCES

	Berberis vulgaris
	Berberine
	Interferes with DNA replication and efflux pump inhibition
Cell division inhibitor,
	Okwu et al., 2019; Boberek et al., 2010

	Thymus vulgaris
	Thymol,
Carvacrol
	Alters bacterial cell wall permeability
Cell membrane disturbance, efflux pump inhibition
 
	Sharifzadeh et al.. 2018; Abbaszadehet al., 2014; Okwu et al., 2019 

	Zingiber officinale
	Nimbidin, Azadirachtin
	Inhibits bacterial virulence factors, enhances immune response
	Almowallad et al., 2024

	Curcuma longa
	Curcumin
	Modulates bacterial signalling pathways and inhibits biofilms.
Damaging of the bacterial membrane
	Okwu et al., 2019; Park et al., 2005
Gorlenko et al., 2020

	Camellia sinensis
	Epigallocatechin gallate (EGCG)
	Enhances antibiotic activity, inhibits bacterial adhesion.
DNA gyrase
	Okwu et al., 2019; Gradisar et al., 2007

	Allium cepa
	Allicin
	DNA and protein synthesis inhibition
	 

	Allium satuvum
	Allicin
	Inhibits bacterial enzyme activity, disrupts metabolism.
DNA and protein synthesis inhibition
	Cowan, 1999

	Curcuma longa
	Curcumin
	Modulates bacterial signalling pathways, inhibits biofilms
	Okwu et al., 1029; Apisariyakul et al., 1995

	Eucalyptus globulus
	Eucalyptol, Terpenes
	Disrupts bacterial membranes, reduces toxin production
	Okwu et al., 2019Angelini, 2024

	Moringa oleifera
	Flavonoids
	Efflux pump inhibitors
	Gorlenko et al., 2020

	Aloe vera
	Flavonoids
	Efflux  pump inhibitors
	Gorlenko et al., 2020


 4.2   	Genetic Modification and Breeding of Medicinal Plants to Enhance Antimicrobial Properties
The development of medicinal plants through genetic means has proven effective in boosting their resistance to antibacterial pathogen methicillin-resistant Staphylococcus aureus (MRSA). The development of plant varieties containing increased bioactive compound amounts, such as flavonoids and polyphenols, and alkaloids have employed traditional breeding methods involving selective breeding and hybridisation (Kaushik et al., 2019; Kumar et al., 2021; Okoh et al., 2021). However, these biological approaches are generally time-consuming and restricted in terms of the natural genetic diversity available. With the new advances in molecular breeding and genomic selection, scientists would identify and manipulate the essential genes linked to the biosynthetic pathways of these antimicrobial compounds and employ them to enhance plant avoidance from pathogens as well as improve pharmacological efficacy (Zhu et al., 2014; Li et al., 2020). For instance, genetic engineering has been able to increase the berberine production in species of Berberis, a strong antimicrobial component which inhibits biofilm formation and ruptures bacterial cell membranes in MRSA (Huang et al., 202e). Huang et al. (2022) showed that the rise in multidrug-resistant microbes was attributed to excessive use of antibiotics, and thus necessitated alternative therapies. Plant-derived secondary metabolites- terpenoids, alkaloids and especially flavonoids- have been proven to elicit notable antimicrobial actions with fewer side effects. The phyto-antimicrobial substances, including berberine, have demonstrated potential against resistant pathogens, including MRSA. Scientists now understand biosynthetic pathways for compounds through synthetic biology research, which allows specific genetic alterations to improve the production of these compounds. By engineering the key enzymes of alkaloid biosynthesis, researchers have improved the yields of berberine, providing an alternative future solution for antibiotic resistance that is sustainable and effective.
In the same way, today's applications of modern biotechnology like CRISPR-Cas9 gene editing and metabolic engineering have completely transformed the method of developing superior antiviral features in medicinal plants (Das et al., 2024; Onwuakor et al., 2020). Modifying specific genes that regulate secondary metabolite biosynthesis has enabled scientists to increase curcumin production in Curcuma longa and eugenol production in Syzygium aromaticum, along with their demonstrated anti-MRSA properties (Buru et al., 2022; El-Mahdy et al., 2023; Chattaraj et al., 2024). Scientists have accomplished enhanced bactericidal activity in Thymus vulgaris and Origanum vulgare plants by using transcription factor overexpression to boost flavonoid and terpenoid pathway production (Sun et al., 2022). In contrast, RNA interference has been explored to inhibit genes that restrain the accumulation of antimicrobial compounds and hence raise the yield of therapeutic phytochemicals (Halder et al., 2022).
5.1 Mechanisms of Antibiotic Resistance in MRSA: Meta Gene Expression and Biofilm Formation
Methicillin-resistant Staphylococcus aureus (MRSA) is a significant pathogen that poses a global health threat, primarily due to its resistance to β-lactam antibiotics and its ability to cause severe infections in humans and animals. The cornerstone of MRSA’s resistance lies in the acquisition of the mecA gene, which is located on the staphylococcal cassette chromosome mec (SCCmec). This gene encodes for an altered penicillin-binding protein (PBP2a) that has a low affinity for β-lactam antibiotics, thereby circumventing the effects of these drugs (Peacock and Paterson, 2015). The expression of mecA is regulated through complex genetic and environmental signals, allowing MRSA to adapt to diverse antibiotic pressures.
Another key mechanism underlying MRSA’s resistance is biofilm formation. Biofilms are structured microbial communities encased in an extracellular polymeric substance (EPS) matrix, which provides a protective barrier against host immune responses and antimicrobial agents (Lakhundi and Zhang, 2018). Biofilm-associated cells exhibit unique phenotypic characteristics, including reduced metabolic activity and increased expression of resistance genes, which collectively enhance their survival under harsh conditions. For instance, studies have demonstrated that biofilm formation increases resistance to not only β-lactam antibiotics but also aminoglycosides and glycopeptides (Watkins et al., 2019).
Horizontal gene transfer promotes the spread of resistance genes across MRSA strains. Mobile genetic elements, including plasmids, transposons, and SCCmec cassettes, help resistance determinants spread throughout bacterial populations, including those in healthcare, the community, and livestock (Vestergaard et al., 2019). The incorporation of these components into MRSA genomes promotes genetic diversity, allowing the bacterium to withstand conventional therapeutic measures.
Recent studies have also highlighted the role of regulatory networks in modulating MRSA resistance. The accessory gene regulator (AGR) system plays a dual role in virulence and biofilm formation, while other global regulators such as sarA and sigB control biofilm maturation and antibiotic tolerance (Alkharsah et al., 2018). These regulatory pathways are potential targets for novel therapeutic strategies aimed at disrupting MRSA’s resistance mechanisms.
MRSA’s antibiotic resistance is a multifaceted phenomenon driven by genetic, structural, and regulatory factors. The interplay between mecA expression, biofilm formation, and horizontal gene transfer underscores the complexity of MRSA’s adaptability. Future research should focus on developing innovative strategies to inhibit biofilm formation and target regulatory networks, thereby mitigating the threat posed by this formidable pathogen.
The primary mechanism of resistance in MRSA is attributed to the acquisition of the mecA gene, which encodes for penicillin-binding protein 2α (PBP2α). This protein alters the target site for β-lactam antibiotics, rendering them ineffective (Köck et al., 2010; Oliveira et al., 2014). The staphylococcal cassette chromosome mec (SCCmec) is a mobile genetic element that carries the mecA gene and facilitates horizontal gene transfer among bacterial populations, contributing to the spread of resistance (Wang et al., 2018).
In addition to genetic mechanisms, biofilm formation plays a crucial role in MRSA's resistance. Biofilms are structured communities of bacteria that adhere to surfaces and are encased in a protective extracellular matrix. This matrix not only shields the bacteria from the host immune response but also enhances resistance to antibiotics (Römling et al., 2013). Studies have shown that biofilm-associated MRSA exhibits increased tolerance to antibiotics, making infections difficult to treat (Fletcher et al., 2015). The regulation of biofilm formation is complex and involves various signalling pathways, including the AGR system, which modulates gene expression related to virulence and biofilm development (Köhler et al., 2017).
5.2 Molecular Epidemiology of MRSA Strains Across Different Environments
Methicillin-resistant Staphylococcus aureus (MRSA) is a significant global pathogen with remarkable genetic diversity, driven by its ability to adapt to various environments, including healthcare settings, the community, and livestock. Molecular epidemiology plays a critical role in understanding the dissemination patterns, genetic relationships, and evolutionary dynamics of MRSA strains. This understanding is vital for designing targeted strategies to control and prevent the spread of MRSA in different environments (Lakhundi and Zhang, 2018).
MRSA strains are broadly categorised based on their environmental niche and epidemiological characteristics into healthcare-associated MRSA (HA-MRSA), community-associated MRSA (CA-MRSA), and livestock-associated MRSA (LA-MRSA). HA-MRSA strains are typically associated with infections in hospitalised patients, where invasive medical procedures and the use of antibiotics create selective pressure favouring resistant strains. These strains often harbour the SCCmec types I, II, or III, which are larger and carry additional resistance genes, rendering them resistant to a wide range of antibiotics (Peacock and Paterson, 2015). In contrast, CA-MRSA strains are commonly associated with infections in healthy individuals in the community. These strains, often containing SCCmec type IV or V, are characterised by smaller cassettes and fewer resistance genes, enabling their rapid spread (Watkins et al., 2019).
Livestock-associated MRSA (LA-MRSA), particularly the clonal complex CC398, has been extensively studied in recent years. Initially identified in pigs, CC398 has since been found in other animals, such as poultry and cattle. This strain is often transmitted between animals and humans, primarily through direct contact, raising public health concerns (Vestergaard et al., 2019). Molecular studies reveal that the transition of MRSA from livestock to humans is facilitated by host adaptation mechanisms, including gene loss and acquisition events that enhance bacterial survival in new hosts (Lakhundi and Zhang, 2018).
Advanced molecular typing techniques, such as multilocus sequence typing (MLST), pulsed-field gel electrophoresis (PFGE), and whole-genome sequencing (WGS), have revolutionised the study of MRSA epidemiology. These tools enable researchers to identify genetic lineages, trace transmission routes, and monitor the emergence of new strains (Alkharsah et al., 2018). For instance, WGS has provided insights into the genetic evolution of MRSA strains, revealing the acquisition of mobile genetic elements, including plasmids, transposons, and bacteriophages, which contribute to their adaptability and pathogenicity.
Environmental factors also play a crucial role in shaping the epidemiology of MRSA. For instance, overcrowded healthcare facilities, poor hygiene practices, and overuse of antibiotics drive the spread of MRSA in hospitals. In the community, close-contact sports, crowded living conditions, and limited access to healthcare are critical factors influencing MRSA transmission (Peacock and Paterson, 2015). In livestock environments, the use of antibiotics as growth promoters and for disease prevention is a significant driver of resistance development and transmission (Watkins et al., 2019).
The molecular epidemiology of MRSA reveals a diverse landscape of strains that vary across different environments, including healthcare settings, the community, and livestock. Healthcare-associated MRSA (HA-MRSA) strains are typically more resistant and are often associated with severe infections in hospitalised patients. In contrast, community-associated MRSA (CA-MRSA) strains have emerged as significant pathogens in healthy individuals, often causing skin and soft tissue infections (Lakhundi and Zhang, 2018).
Recent studies have identified distinct clonal lineages of MRSA, such as ST8 and ST22, which are prevalent in various geographical regions and environments (Cuny et al., 2015). The transmission dynamics of MRSA are influenced by factors such as antibiotic usage, infection control practices, and population density. For instance, livestock-associated MRSA (LA-MRSA) has been identified in food animals and poses a zoonotic risk to humans, highlighting the interconnectedness of human and animal health (van Loo et al., 2007). Molecular typing methods, including spa typing and whole-genome sequencing, have been instrumental in tracking the spread of MRSA strains and understanding their epidemiological patterns (Pérez-Roth et al., 2008).
5.3 Emerging Therapeutic Strategies to Combat MRSA
Given the challenges posed by MRSA, there is an urgent need for novel therapeutic strategies. One promising approach is the development of new antibiotics that target MRSA's unique resistance mechanisms. For example, ceftaroline, a novel cephalosporin, has shown efficacy against MRSA by binding to PBP2a (Sullivan et al., 2011).
Additionally, alternative therapies such as bacteriophage therapy and the use of antimicrobial peptides are being explored. Bacteriophages, which are viruses that infect bacteria, can specifically target and kill MRSA without harming beneficial microbiota (Abedon et al., 2011). Antimicrobial peptides, which are naturally occurring molecules in the immune system, have demonstrated the ability to disrupt bacterial membranes and inhibit biofilm formation (Mansour et al., 2014).
The global challenge posed by methicillin-resistant Staphylococcus aureus (MRSA) has necessitated the development of innovative therapeutic approaches to overcome antibiotic resistance. Traditional antibiotics are increasingly ineffective against MRSA, leading researchers to explore alternative therapies. This outlines emerging strategies, such as bacteriophage therapy, antimicrobial peptides, immunomodulation, and nanotechnology-based interventions, which have shown promise in combating MRSA infections (Watkins et al., 2019; Onwuakor et al., 2021).
Bacteriophage Therapy
Bacteriophage therapy, the use of viruses that infect and kill bacteria, is gaining traction as a potential treatment for MRSA infections. Phages specifically target bacterial cells, leaving human host cells unharmed. Studies have demonstrated the efficacy of phage cocktails in reducing MRSA colonisation in vitro and in vivo. For instance, phage therapy has been shown to be effective against biofilm-associated MRSA, addressing a significant limitation of conventional antibiotics (Lakhundi and Zhang, 2018). However, the potential for bacterial resistance to phages and the narrow host range of phages are challenges that need to be addressed.
Antimicrobial Peptides
Antimicrobial peptides (AMPs) are short, naturally occurring peptides that possess broad-spectrum antimicrobial activity. AMPs, such as defensins and cathelicidins, disrupt bacterial membranes, leading to cell lysis. These peptides have shown potent activity against MRSA strains, including those resistant to multiple antibiotics. Additionally, synthetic AMPs are being developed to enhance stability and reduce potential toxicity. Research indicates that combining AMPs with traditional antibiotics can have a synergistic effect, further enhancing their antimicrobial efficacy (Alkharsah et al., 2018).
Immunomodulatory Strategies
Immunomodulation, which involves enhancing the host immune response, is another promising strategy to combat MRSA infections. Targeting virulence factors, such as toxins and adhesins, can reduce the pathogenicity of MRSA while minimising the selection pressure for resistance development. Vaccines targeting MRSA surface proteins and toxins are under investigation and have shown potential in preclinical studies (Vestergaard et al., 2019; Anozie et al., 2024). Additionally, monoclonal antibodies targeting specific MRSA virulence factors are being developed as adjunct therapies.
Nanotechnology-Based Approaches
Nanotechnology is revolutionising the delivery of antimicrobial agents. Nanoparticles, such as silver and gold nanoparticles, possess intrinsic antimicrobial activity and can be used to deliver antibiotics directly to infection sites. This targeted delivery reduces systemic toxicity and enhances the efficacy of the treatment. For example, studies have demonstrated the use of liposomes and polymer-based nanoparticles to encapsulate antibiotics, ensuring sustained drug release and improved penetration into biofilms (Watkins et al., 2019).
Other Innovative Approaches
These approaches aim to bolster the body's ability to fight off MRSA infections and reduce reliance on antibiotics (Friedman et al., 2017). Overall, a multifaceted approach that combines novel antibiotics, alternative therapies, and immunological strategies is essential to effectively combat MRSA and mitigate its impact on public health.
In addition to these strategies, therapies such as CRISPR-Cas systems are being explored to target specific resistance genes in MRSA, effectively reversing resistance. Moreover, quorum sensing inhibitors, which disrupt bacterial communication and   biofilm formation, are being investigated as complementary therapies. These approaches aim to reduce MRSA pathogenicity and enhance susceptibility to existing antibiotics.
Emerging therapeutic strategies offer promising avenues to combat MRSA, especially in the face of rising antibiotic resistance. While each approach has unique challenges, continued research and clinical trials will be pivotal in translating these innovative therapies into effective treatments for MRSA infections.

6. A ONE HEALTH APPROACH TO COMBATING AMR IN MRSA
The concurrent use of antibiotics in humans and animals is causing the prevalence of MDR-MRSA. MDR-MRSA infections are resistant to most identified commercial antibiotics (Algammal et al., 2020).
6.1   	Cross-Sector Collaboration Between Veterinarians, Microbiologists, and Plant Scientists
The One Health approach of MDR-MRSA infections needs the microbiologists, public health experts, epidemiologists, medical and veterinary clinicians, and plant scientists to collaborate for treatment and preventive strategies. A part of natural origin therapies, especially in dermal infections, implementation of alternative eco-friendly treatment regimens, herbal medications and symbiotics such as tea tree oil, Aloe vera, and Austroeupatorium inulaefolium (H.B.K.) essential oil and leaves-extracted essential oil of Leoheo domatio-phorus Chaowasku, the combination of Myrtus communisL., Origanum vulgare and tretinoin (MOTC) requires the expertise of plant scientists and should be promoted to prohibit the spontaneous use of broad-spectrum antibiotics to treat MRSA infections by the clinicians on treatment regimens.
And in the case of antibiotic treatment options, the ideal should be based on the evident results of the antibiotic sensitivity test and continuous screening of resistant strains (Disc diffusion method) (Algammal et al., 2020), which requires the role of the microbiologists.
 6.2   	Surveillance Programs to Track MRSA Prevalence in Animals, Plants, and Clinical Settings
WHO launched the Global Antimicrobial Resistance Surveillance System (GLASS) in 2015 to complement the knowledge gaps and guide strategies at all levels. GLASS was created to integrate surveillance data on all the antimicrobials used, their usage tracks, the role of AMR  in the environment and food chain (Velazquez-Meza et al., 2022). It provided a standardised approach to data collection, analysis and sharing by geographical scale to allow the monitoring of new and existing national surveillance systems status, with emphasis on collected data quality and representativeness.  Also, a list of priority pathogens to guide research and development of new antimicrobials, diagnostic tools and vaccines was developed in 2017 by the WHO, and also reviews such projects annually.
Additionally, the Global Alliance for Antibiotic Research and Development is a joint initiative of WHO and the Drugs for Neglected Diseases Initiative, which supports the public-private partnerships on research and development. By 2025, the partnership targets to develop and implement five new treatments against drug-resistant bacteria identified by the WHO as the greatest threat.
6.3   	Policy Recommendations for Antibiotic Stewardship and Alternative Treatment Approaches
Stewardship programs designed their approach to interventions based on the available resources (Messacar et al., 2017). Direct and face-to-face interactions such as “handshake stewardship” are always preferred, when possible, because they bring about a collaboration between the stewardship team and clinicians, but they can be labour-intensive (Gerber et al., 2021). These programs may consider prior approval, postprescription review with feedback, or a combination of both approaches to encourage correct antibiotic use.
Syndrome-specific interventions target specific disease processes and include perioperative prophylaxis recommendations or surgical conditions (Pasquale et al., 2014).
7. CONCLUSION

Antimicrobial resistance (AMR) in Methicillin-Resistant Staphylococcus aureus (MRSA) is seen today to be a global problem affecting human, animal, and environmental ecosystems. The review has shown the interrelated roles of microbial interaction in agriculture and antibiotic overuse toward MRSA resistance. One Health proposes an integrated approach to address AMR across the disciplines of medicine, veterinary medicine, and environmental science. MRSA infections linger due to their adaptability and spread in diverse environments, with antibiotic misuse in the medicine, livestock, and agricultural sectors further accelerating resistance.
The fight against MRSA and its resistance mechanisms requires a multipronged approach whereby a view on proper use of antibiotics, global surveillance, and funding for alternatives will play a key role. One of the notable alternatives to combat MRSA resistivity, are plant metabolites (bioactive compounds), as they have been found to be promising candidates for antimicrobial agents, and they have shown to work synergistically with conventional antibiotics. Natural products could increase the efficacy of treating infections while simultaneously reducing the dependence on synthetic antibiotics. Public awareness, public policy, and multisector collaboration need to work towards mitigating the risk of AMR. Sustainable infection control strategies for MRSA can be developed through the integration of a One Health framework and plant-based solutions for public health protection.
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