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ABSTRACT 

	Milk is considered as whole food that contains essential nutrients, making it and its products food item a popular globally. The global milk production is estimated to be around 992.7 million metric tons in 2025, with India being one of the largest milk producers, accounting for approximately 25 % of the world's total milk production. In 2023-24, India produced over 239.30 million metric tons of milk, with Uttar Pradesh (37.46 million metric tons), Rajasthan (31.6 million metric tons), Gujarat (17.281 million metric tons) Punjab (13.64 million metric tons) and Haryana (11.53 million metric tons) being the leading milk-producing states (Ashok and Ritika, 2023). The dairy industry significantly contributes the Indian economy not only to employment generation but also accounting for around 5% of the country's GDP (Ramani et al., 2023). In Asia, mastitis can be caused by a range of organisms, including bacteria, fungi and algae. The primary bacterial pathogens responsible for mastitis include Staphylococcus aureus, Streptococcus agalactiae, Escherichia coli, Streptococcus uberis, Klebsiella spp., Mycoplasma spp., Corynebacterium bovis, Trueperella pyogenes, Pseudomonas aeruginosa, Yeasts and Molds. (Krishnamoorthy, 2021) and among these Staphylococcus aureus is the most common contagious pathogen worldwide (Sheela et al., 2025). In India the prevalence of bovine mastitis due to Staphylococcus aureus is around 40- 52 % (Pati and Mukherjee, 2022).
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1. INTRODUCTION 

The Staphylococcus aureus (S. aureus), is one of the most common mastitis causing pathogens, exhibiting resistance to many antibiotics that causes a challenge to treatment. The MRSA is a strain of S. aureus that has developed resistance to several antibiotics, including methicillin, oxacillin, penicillin and amoxicillin and MRSA infections can be categorized into two types (Lee et al., 2018; Algammal et al., 2020).
Healthcare-associated MRSA (HA-MRSA) (Samuel et al., 2023) and community-associated MRSA (CA-MRSA) (Loewen et al., 2017) are most common transmission occurs through direct contact.
The MRSA exhibits resistance to various antibiotics including Methicillin, Oxacillin, Nafcillin, Cephalosporins (cephalexin, cefaclor), Macrolides (erythromycin, azithromycine), Fluoroquinolones (Ciprofloxacin, levofloxacin), Tetracycline (tetracycline, doxycycline), Aminoglycoside (gentamicin, tobramycin) and Trimethoprim-sulfamethoxazole (TMP-SMX). There are various resistance genes including mecA, blaZ, tetM, ermB, aacA-aphD and qnrS contribute to MRSA’s resistance profile, which can vary depending on the strain and location (Turner et al., 2019; Alfouzan et al., 2019; Algammal et al., 2020; Haq et al., 2024).
The mecA gene is the primary resistance determinant in MRSA, encoding PBP2a, a crucial transpeptidase enzyme for bacterial cell wall synthesis. PBP2a has a low affinity for β-lactam antibiotics, allowing MRSA to continue cell wall synthesis and proliferate despite the presence of these drugs. Normally, β-lactam antibiotics inhibit cell wall synthesis by binding to and inactivating penicillin-binding proteins. However, the mecA gene and PBP2a enable MRSA to bypass this inhibition, evade cell death and resist a broad range of β-lactam antibiotics. The mecA gene is carried on a mobile genetic element called SCCmec, which varies in size and gene content. SCCmec types I to XIII have been identified, with types II and III common in healthcare-associated MRSA (HA-MRSA) and types IV and V in CA-MRSA (Lakhund and Zhang, 2018; Uehara, 2022). The mecC gene functions similarly to mecA, encoding a PBP2c with low affinity for β-lactams, although it is less common (Ballhausen et al., 2014). The blaZ gene encodes β-lactamase, an enzyme that hydrolyzes the β-lactam ring of penicillins, rendering them ineffective and providing resistance to penicillin. This gene is found in both methicillin-susceptible and methicillin-resistant S. aureus strains. The fem genes (femA, femB and femC) are essential for methicillin resistance, modifying cell wall precursor molecules to facilitate PBP2a action. The femA and femB are critical for high-level methicillin resistance. Auxiliary genes like fmtA and fmtB enhance methicillin resistance by affecting cell wall metabolism and expressing other resistance determinants. Additional resistance mechanisms in MRSA include the norA gene, which encodes an efflux pump that expels various antibiotics, including fluoroquinolones, contributing to multidrug resistance. The aac(6')-Ie-aph(2'') gene encodes a bi-functional enzyme that modifies and inactivates aminoglycosides, leading to resistance. The gyrA and grlA genes, encoding DNA gyrase and topoisomerase IV, respectively, confer resistance to fluoroquinolones. (Abebe and Birhanu, 2023; Liu et al., 2025).

2. material and methods 

Samples collection
Total 200 milk samples (120 normal and 80 mastitic milk) will be collected randomly from clinical and normal quarters of the cattle and buffaloes randomly from both clinical and nonclinical cases that considered of 12 normal and 08 mastitis milk samples, each of cattle and buffaloes. Approximately 5 ml normal and mastitis milk were collected into 10 ml sterilized test tubes with aseptic precautions after discarding the first two or three milking streams. The samples after collection immediately transported to the Bacteriology Laboratory, Department of Veterinary Microbiology under cold condition.

Isolation and Identification of S. aureus: The S. aureus was isolated according to the 1990 National Mastitis Council recommendations. Samples were first enriched in 2 ml of Mannitol Salt Broth for 24 hours at 37 OC. A loopful of this enriched culture was then streaked onto Mannitol Salt Agar (MSA) plates and incubated for 24 hours at 37 OC. Isolates that fermented mannitol, indicated by yellow colonies and acidification of the medium, were presumptively identified as S. aureus (NCCLS, 2000). 
Morphological identification done on the basis of gram staining and for biochemical characterization of bacteria, MR test, VP test, Catalase test, Urease test, Coagulase test and DNase test will be performed as per method describe by Barrow and Feltham (1993).
Extraction of DNA 
Suspensions of the bacterial colonies maintained on the nutrient agar slant were prepared in 1.5 ml microcentrifuge tubes in 250 μl of sterile double distilled water by gentle mixing. The samples were boiled for 10 min, cooled on ice for 10 min and centrifuged at 10,000×g for 5 min. 2 μl of the supernatant was used as the template for each polymerase chain reaction (PCR).
Molecular detection of S. aureus 
[bookmark: _Hlk221031858]The presumptive S. aureus isolates were confirmed by amplifying species-specific thermonuclease (nuc) gene as described by Shahmoradi et al.(2019). The sequence of primers used is mentioned in Table-1. 

Screening of Methicillin resistant S. aureus:
Isolation and identification of S. aureus was done as per the recommendation of the National Mastitis Council (NMC, 1990) and National Committee for Clinical Laboratory Standards (NCCLS, 1997). Mannitol Salt Agar (MSA) plates added with 2mcg/ml oxacillin resistant selective supplement was used for isolation of MRSA from milk samples. MRSA standard culture obtained from Veterinary Type Culture Collection (VTCC) ICAR-NRC on Equines, Hisar was used as standard.
The milk samples were centrifuged at 6000 rpm for 10 minutes, discard the supernatant and one loopful sediment and streaked on mannitol salt agar (oxacillin added) plate and incubated at 37OC for 24 hrs. Pick up single pure colonies and transferred to nutrient agar slant, incubate at37OC for 24 hrs and stored at 4OC for further use.

Phenotypic confirmation of Methicillin resistant S. aureus isolates
All the confirmed methicillin resistant S. aureus isolates were subjected to phenotypic confirmation by fallowing methods.
Cefoxitin and Oxacillin Disc Diffusion Test 
 	The S. aureus suspension equivalent to 0.5 McFarland standards will be prepared for all isolates and tested with Cefoxitin (30µg) and Oxacilin (1µg) disc, using Muller Hinton agar. All plates will be incubated at 37 OC for 24 hours and zone of inhibition will be measured and interpreted as per guideline recommended by CLSI (Panda et al., 2016). 

Minimum Inhibitory Concentration (MIC) by Epsilometer test (E-Test)
MIC test will be performed by using MRSA E-test strips (Hi-media) for methicillin resistant S. aureus as per guideline of Clinical and Laboratory Standards Institute (CLSI, 2020).
	The E-test for determining Vancomycin MICs was performed with Vancomycin Ezy MICTM strip (VAN) (0.016-256 mcg/ml) on Muller Hinton agar plate. A uniform lawn of culture was spread on Muller Hinton agar (MHA) plate, wait for 5 minutes to absorb the culture. With the help of sterile applicator placed the VAN strip at desired position and incubate at37OC for 24 hrs. MIC break points were recorded.

Antibiotic sensitivity pattern 
Antimicrobial drug sensitivity of isolates was tested for 12 different antibiotics using disc diffusion method of Bauer et al., (1966). The isolates were tested against Aminoglycosides (gentamycin), 3rd and 4th generation Cephalosporins (methicillin, ciprofloxacin, chloramphenicol and cefoxitin), Monobactams (oxacillin), Floroquinolones (ofloxacine), 2nd generation Cephalosporins (vancomycin), Penicillin (ampicillin), Sulphonamides (enrofloxacin), Tetracycline (tetracycline) and Erythromycin. The test organism was inoculated in 2 ml nutrient broth and incubated at 37 OC for 24 hrs. Thereafter, a homogenous culture was spread on Muller Hinton agar (MHA) plate, wait for 5 minutes to absorb the culture after that placed the different antibiotics disc at equal distance. The plates were incubated 37 OC for 24 hours. Sensitivity of S. aureus isolates to an antibiotic was determined by appearance of zone of growth inhibition around the disc. The diameter of the zone of inhibition was measured with Hi-media zone scale supplied by Hi-Media. The MRSA standard culture obtained from Veterinary Type Culture Collection (VTCC) ICAR-NRC on Equines, Hisar was used as control.

Molecular detection of MRSA targeting mecA gene 

All the S. aureus isolates were screened for the presence of mecA gene as per the method described by Koupahi et al. (2016).
Table No. 1 Gene Primer Sequences 
	Organism/Gene
	Primer Sequences
	Product length (base pair)
	Reference 

	nuc
	F5’ATGGCTATCAGTAATGTTTCG3’
	318
	Shahmoradi et al.(2019)

	
	R5’TTTAGGATGCTTTGTTTCAGG3’
	
	

	MRSA
(mec A)
	F5’TCCAGATTACAACTTCACCAGG3’
	162
	Koupahi et al. (2016)



3. results and discussion

In the present study, out of 200 bovine milk samples examined, 130 (65.0%) isolates were confirmed as S. aureus by PCR, indicating a high prevalence of this pathogen in dairy animals. A higher occurrence of S. aureus was observed in mastitic milk compared to normal milk in both cattle and buffaloes, which is consistent with earlier reports identifying S. aureus as a major etiological agent of bovine mastitis (Sharma et al., 2017; Dego et al., 2021).The persistence of S. aureus in both clinical and non-clinical milk samples may be attributed to its ability to adhere to mammary epithelial cells, evade host immune defenses and form biofilms, leading to chronic and recurrent intramammary infections (Melchior et al., 2011; Dego et al., 2021).
Among the confirmed S. aureus isolates, 107 (53.50%) were identified as MRSA, demonstrating a substantial burden of methicillin resistance in bovine milk. A slightly higher prevalence of MRSA was recorded in mastitic milk samples than in normal milk, supporting earlier findings that mastitis therapy exerts selective pressure favoring resistant strains (Kumar et al., 2019; Meena et al., 2023).The detection of MRSA in apparently normal milk is of particular concern, as it suggests silent dissemination within dairy herds and a potential zoonotic risk to humans through direct contact or consumption of raw milk (Pantosti et al., 2012; Holmes et al., 2015).
Phenotypic screening revealed that 85.98% of isolates were positive by disc diffusion screening, while 77.57% were confirmed by phenotypic confirmatory methods. Minor discrepancies between screening and confirmatory tests may be due to heterogeneous expression of methicillin resistance, which has been widely reported in S. aureus isolates (Chambers, 2001; Skov et al., 2014).
All MRSA isolates exhibited 100% resistance to methicillin, cefoxitin and ampicillin, confirming their multidrug-resistant nature. High resistance to β-lactam antibiotics has been consistently reported in MRSA isolates from dairy animals due to the widespread use of these drugs in mastitis treatment (Pantosti et al., 2012; Sharma et al., 2020). Moderate resistance was observed against erythromycin (41.55%), chloramphenicol (42.85%) and fluoroquinolones, which aligns with reports of gradual decline in susceptibility of MRSA to these antimicrobial classes (Holmes et al., 2015; Ombarak et al., 2018). Low resistance to vancomycin and gentamicin suggests restricted usage of these antibiotics in veterinary practice (Bansal et al., 2021; Akindolire et al., 2022).
The MAR index of MRSA isolates ranged from 0.25 to 0.917, with the majority of isolates exhibiting values >0.5. According to Krumperman (1983), MAR indices above 0.2 indicate exposure to high-risk contamination sources where antibiotics are frequently used. The high MAR values observed in this study reflect indiscriminate antimicrobial usage and sustained selection pressure in dairy farming systems, as also reported by Madec et al. (2017). The vancomycin MIC testing revealed that 20.56% of isolates were vancomycin-intermediate and 15.89% were resistant, which is alarming given the critical importance of vancomycin as a last-resort drug. Similar emergence of VISA and VRSA strains in dairy-associated MRSA has been documented globally (Akindolire et al., 2022; Meena et al., 2023). The presence of vancomycin resistance may be linked to prolonged antimicrobial exposure and horizontal transfer of resistance determinants (Howden et al., 2010).
Molecular analysis showed that 74.07% of phenotypically confirmed MRSA isolates carried the mecA gene, with higher prevalence in mastitic milk than in normal milk. The mecA gene encodes penicillin-binding protein 2a (PBP2a), which confers resistance to β-lactam antibiotics and is considered the gold standard marker for MRSA confirmation (Paterson and Bonomo, 2005; Sharma et al., 2020).
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Fig. No. 1, S. aureus Growth on MSA plate           Fig. No. 2,    DNAse test              
 [image: C:\Users\diwak\Downloads\Antimicrobial_Resistance_Patterns_and_MAR_Index_of_MRSA_Isolates_from_Bovine_Mastitis_(N=77).png]
Fig. No. 3, High Antimicrobial Resistance in MRSA Isolates
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Fig. No. 4, Molecular identification of S. aureus (nuc gene)/ MRSA by mecA gene


4. Conclusion

The high prevalence of MRSA, elevated MAR indices, and detection of vancomycin resistance underscore the public health and therapeutic challenges associated with bovine mastitis. These findings support the need for judicious antimicrobial use, routine resistance monitoring, and molecular surveillance to limit the spread of multidrug-resistant S. aureus in dairy ecosystems (Pantosti et al., 2012; Madec et al., 2017).
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